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(Received September 4, 1934) 


The molecular association of polar liquids was studied by the combination-scattering (Raman- 
spectra) method. In the spectra of a water solution of acetic acid the lines corresponding to the 
wave number 623 cm changed their relative intensity at a change of the concentration of solution. 
This wave number is therefore characteristic of acetic acid complex molecules. No associative lines 
were observed in the combination spectra of nitrobenzol solution in CCl,. 


OON after the discovery of the phenomenon of 
combination-scattering of light, attempts 
were made to connect certain facts observed in 
combination spectra with the molecular associa- 
tion of the substance (Meyer,! Ganesan and 
Venkateswaran,? Prinsheim and Schlivitch,? Da- 
dieu and Kohlrausch,* and others). In fact, 
the combination spectra offer a suitable method 
for studying the phenomenon of association; 
when comparing the combination spectra of any 
substance taken in two different conditions and 
containing either single molecules or a consider- 
able number of associated molecules, the following 
may be expected: (1) characteristic frequencies 
of a single molecule may be somewhat dis- 
placed because of the influences exercised on 
various parts of the molecule by the adjacent 
molecules; (2) Fhere may be frequencies which 
are observed only in the presence of associated 
maJecules, and disappear at the same time with 
; Meyer, Phys. Zeits. 30, 170 (1929), 32, 293 (1931). 

1929)" and Venkateswaran, Ind. J. Phys. 4, 195 
;Pinsheim and Schlivitch, Zeits. f. Physik 60, 582 


(19 
* Dadieu and Kohlrausch, Phys. Zeits. 31, 514 (1930). 
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the latter. These frequencies may be considered 
the result of vibration of one part of the asso- 
ciated molecule relative to the other. The exis- 
tence of such a pronounced frequency is possible, 
of course, only in cases when there are perfectly 
definite configurations of associated molecules 
with quite definite powers interacting between 
their parts. Otherwise, only diffuse bands may 
be expected to appear in the combination spec- 
trum. The absence of clearly expressed associa- 
tion lines does not yet solve the question one way 
or another, but the appearance of such lines may 
be considered a reliable and suitable indication 
enabling one to judge of the nature of the new 
formations. The above-mentioned method of 
studying the association is convenient because it 
allows us to observe the effect which is com- 
pletely connected with the existence of associated 
molecules and entirely independent of single ones. 

The aim of the present work is to study the 
problem of the existence of associative frequen- 
cies characteristic of the substance. It is possible 
to distinguish the associative frequencies from 
the insufficiently deciphered combination spec- 
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trum of the majority of organic matter only by 
modification of the intensity of certain combina- 
tion lines, as compared with the others, at a 
change of temperature or of the concentration of 
the given liquid in solution. In this work we con- 
fined ourselves to the modification of the con- 
centration of the liquid in solution under investi- 
gation. As objects of study, nitrobenzol and acetic 
acid were used, both possessing considerable 
polar moments and giving noticeable association. 
CCl, was used as a solvent for nitro-benzol, 
and water for acetic acid. The installation was 
mounted according to Wood’s scheme, with a 
vertical vessel and a lamp and a prism of total 
reflection. The Steinheil spectrograph with three 
prisms was used; we applied both the high and 
the low dispersion. 

The thoroughly purified nitrobenzol, obtained 
from the Institute of Reagents (Moscow), was 
of a slightly yellow-green shade. The latter did 
not change even after it had been illuminated 
for several hours with a quartz mercury vapor 
lamp. A series of spectrograms was obtained with 
a molecular concentration of nitrobenzol from 
100 percent to 5 percent. By changing the time 
of exposure of solutions of various concentration 
we succeed in equalizing the intensity of certain 
lines which served for comparison. In this par- 
ticular case it was the line corresponding to 
Av =1341 cm (oscillations of the group NO2). 
No marked changes of relative intensity of sepa- 
rate lines could be observed. This may be ex- 
plained either by the fact that in nitrobenzol the 
association does not form clearly defined com- 
plexes or by the low frequency of vibration of the 
forming complexes and the impossibility under 
the conditions of our experiment of separating 
the corresponding lines from the exciting line. It 
must be pointed out, however, that nitrobenzol 
has an absorbing power that drops suddenly 
in the part of the spectrum lying between 
\=436my and }\=49imuyu, and the majority of 
the lines compared were in that region. The 
different absorption might obscure the sought for 
effect of relative variation of intensity of separate 
lines. Of much greater interest are the results 
obtained for acetic acid. In this case we succeeded 
in discovering a definite frequency which seemed 
to correspond to the oscillations of one part of 
the complex relative to the other. Glacial acetic 


acid, also obtained from Institute of Reagents 
was studied at molecular concentrations of 
100, 60, 40 and 20 percent. The spectrograms 
obtained lead to the conclusion that the lines 
corresponding to Av=623 cm, represented on 
our spectrograms as satellites of }\=436my 
(Av = 22,938 —22,315=623 cm) and of the 
line \=405my (Av = 24,705 — 24,081 =624 cm), 
changed their intensity markedly as compared 
with the other lines used for comparison. For the 
latter the lines were taken which corresponded 
to the frequencies Avy = 855 and Av = 2938. While 
they are well defined and intense in pure acetic 
acid the lines corresponding to the frequen- 
cies = 623 cm weaken considerably at 40 per- 
cent concentration and the satellite of \=405myz 
disappears completely at a 20 percent concen- 
tration, the satellite of the heavier line \=436my 
being hardly visible. 

The results obtained by us for acetic acid are 
in agreement with the Bhagavantam’s® remark 
to the effect that the low frequencies in a combin- 
ation spectrum of acetic acid disappear at high 
temperatures. 

This gives us reason to believe that in acetic 
acid there takes place a formation of complex 
molecules of a quite definite configuration char- 
acterized by a definite energy of connection and 
a definite characteristic wave number Av=623 
cm, 

Indirectly, the associative nature of this wave 
number is confirmed by the fact, that, according 
to Coblentz’s® data, it is absent in the infrared 
spectrum of acetic acid ; the associative frequency 
is not active and therefore must not appear in the 
absorption spectrum. 

The results obtained for the associative fre- 
quency of complex molecules in connection with 
other data enable us to compute certain param- 
eters, characterizing these molecules the nature 
of interacting powers, the distance between single 
molecules within a complex one, etc. The com- 
putation made for acetic acid gives quite admis- 
sible values. 

The writers wish to acknowledge their *in- 
debtedness to Professor G. S. Landsberg, under 
whose direction the work was carried out. 


5 Bhagavantam, Ind. J. Phys. 5, 48 (1930). 
6 Cited: Ganesan, Ind. J. Phys. 4, 216 (1929). 
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Formation of Negative Ions in Gases by Electron Attachment 
Part I. NH;, CO, NO, HCl and Cl, 


Norris E. BrapBury,* Massachuseits Institute of Technology 
(Received October 4, 1934) 


With the same method and apparatus employed in the 
study of negative ion formation in O: by electron attach- 
ment, the results have been extended to all the common 
diatomic gases and NH;. No negative ions are formed in 
NH; below an X/p of 7.5; beyond that point they are 
formed with increasing probability as the energy of the 
electrons increases. The phenomenon is interpreted as 
dissociation of the molecule with the formation of NH™ at 
an electronic energy of approximately 3 volts, the NH; 
molecule having itself no electron affinity. No negative ions 
could be formed in CO at the electronic energies available, 
and the molecule is presumed to have no electron affinity. 
Negative ions are formed by electron attachment in NO, 
the probability increasing with decrease in electronic 


energy. A linear variation in probability of attachment 
with pressure is also observed in NO which is due to a 
collision with a pair of NO molecules held together by weak 
attractive forces. Negative ions are formed in HCl with a 
probability which increases with increasing electronic 
energy suggesting that dissociation of the molecule occurs 
here as well. Similar results are obtained in Cl) where it 
has been known that the energy of the attachment process 
must be more than sufficient to dissociate the molecule. 
The experiments indicate several types of attachment 
processes which can occur in gases and the possibilities of 
energy dissipation in ion formation. In general the most 
favored process is the carrying off of the energy by a third 
body involved in the process. 





T is well known that stable negative ions may 
be formed in many gases. Their formation is 
apparently the random capture of electrons by 
otherwise neutral molecules, though this phenom- 
enon is by no means well understood. Its study 
in oxygen! has shown, however, that the attach- 
ment process and its variation with electronic 
energy furnish a most powerful tool for the 
study of the behavior of electrons in gases. Not 
only may the intrinsically interesting factors in 
negative ion formation be investigated, but the 
variations in the rate at which attachment oc- 
curs may be related to otherwise unobservable 
interactions between electrons and gas molecules. 
In addition the variation of the probability of 
the capture process with electron energy throws 
light on the most pressing problem of negative 
ion formation; namely, the disposition of the 
energy of binding, or the electron affinity, of 
the molecule. In consequence of these facts it 
has been of interest and importance to extend 
the experiments on oxygen to studies of the other 
common diatomic and polyatomic molecules. 
Part I of these papers deals with the ordinary 
diatomic molecules and also NHs3, and Part II 
with the triatomic molecules. They cover all 
the common gases of these types which are availa- 
ble for laboratory experimentation. 





* National Research Fellow. 
‘N. E. Bradbury, Phys. Rev. 44, 883 (1933). 


EXPERIMENTAL METHOD 


The experimental apparatus was the same as 
that employed for the study of negative ion for- 
mation in oxygen and a detailed account has 
already been presented.1 A brief description, 
only, will be given here. The principle of the 
method lies in the analysis of a mixed current 
stream of ions and electrons which is passed 
through a grid of fine wires. A high frequency 
alternating potential of the order of 50 volts and 
10° cycles is applied between alternate adjacent 
wires of this grid. Under these conditions the 
electronic component of the current is swept out 
of the current stream to the grid wires, and the 
heavier and more slowly moving negative ions 
pass through essentially undisturbed. The differ- 
ence between the current to the collector with 
no potential between the grid wires and that with 
a potential will be a measure of the ionic fraction 
of the current. A single grid of this type was 
used by Cravath? to measure the fraction of 
electrons remaining unattached at a given dis- 
tance from a source of electrons. However, in 
practice some negative ions will be captured by 
the grid, and some electrons will escape. To avoid 
the resulting errors, two grids were employed in 
the present experiments, either one of which 
might be removed from the current stream while 


2A. M. Cravath, Phys. Rev. 33, 605 (1929). 
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Fic. 1. Schematic diagram of apparatus. Alternate wires 
in grids G and G’ are connected together and either grid 
may be moved into or out of the uniform field space. 


the other was being used. Thus it was possible 
to study the decrease in the number of free elec- 
trons by attachment as they were drawn through 
the gas space between the grids. Any spurious 
effects due to the grids themselves effectively 
cancelled out. 

A zinc plate parallel to the grids served as a 
photoelectric source of electrons, and a uniform 
field was maintained between it and the plane 
collecting electrode. A schematic diagram of the 
apparatus is shown in Fig. 1. By removing both 
grids from the current stream it was possible to 
obtain an estimate of the electronic mobility 
using the approximate equation given by J. J. 
Thomson.’ This was necessary to evaluate the 
number of electronic impacts in going a given 
distance, and hence the probability of capture at 
a collision, denoted here by h. 

The whole apparatus was contained within a 
large Pyrex tube which could be baked out and 
pumped down to 10-* mm Hg before the admis- 
sion of a sample of gas. A plane quartz window to 
admit ultraviolet light from a quartz mercury 
arc was affixed to the tube by means of a graded 
seal. Suitable filters were employed to cut out 
radiation harder than 2537A. A liquid air or 
solid CO, trap to condense Hg vapor was placed 
between the tube and all manometers, gauges, 
and pumps. To avoid contamination by stop- 
cock greases, mercury cutoffs were substituted 
for all stopcocks. These could be adjusted to 
operate suitably under pressures of a few centi- 
meters of Hg and proved very satisfactory. A 


3J. J. Thomson, Conduction of Electricity through Gases, 
p. 466, University Press, Cambridge, 1928. 
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specially designed McLeod gauge was employed 
to read pressures of the order of a few milli- 
meters; otherwise a mercury manometer was 
used. 

It has previously been shown in all work of 
this type that great care must be taken to main- 
tain extreme gas purity; consequently each gas 
was purified according to its particular require- 
ments. Several separately purified samples of 
gas were used in each case, and agreement of 
the results from the various samples was taken 
as an indication of purity. Only in rare instances 
was difficulty experienced in adequately purify- 
ing the gas to be studied. These particular cases 
will be noted later. 


AMMONIA 


The formation of negative ions in ammonia 
has been the subject of investigation and dis- 
cussion. Bailey and Duncanson‘ observed the 
presence of negative ions in ammonia gas at 
values of X/p greater than 10 (X in volts/cm 
and p in mm Hg). On the other hand, using very 
pure samples of ammonia Loeb® was unable to 
obtain any trace of negative ions under the 
conditions of his experiment. The causes and 
conditions of so marked a discrepancy therefore 
are of considerable interest. 

The ammonia used in the following experi- 
ments was obtained from a commercial tank of 
anhydrous NH; of which approximately one- 
half had already been used. Most of the residual 
hydrogen had, therefore, been blown off. The 
gas was liquefied over metallic sodium and dried 
for several days. It was then solidified with 
liquid air and any uncondensable gas pumped 
off. This process was repeated and the final 
sample fractionally distilled, only the middle 
portion being retained for the experiments. 

The results of the measurements at different 
pressures and values of X/p are given in Fig. 2 
in which h, the probability of attachment, is 
plotted as a function of X/p. The curve shows 
that for low electron energies (of which X/p is a 
measure) the ammonia molecule does not form 


4V. A. Bailey and W. E. Duncanson, Phil. 


145 (1930). ; 
5L. B. Loeb, Phil. Mag. 8, 98 (1929); H. B. Wahlin, 


Phys. Rev. 19, 173 (1922). 
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The points indicate data taken at different pressures as 
shown. 


negative ions. This is in accord with the observa- 
tions of Loeb. At a value of X/p about 9, how- 
ever, negative ions begin to appear in the gas 
and are formed in increasing numbers as the 
field strength is increased. Thus the observations 
of both Loeb and Bailey are entirely compatible, 
their observations merely differing in range of 
electronic energy studied. Loeb did not investi- 
gate values of X/p greater than 0.1. 

It is not apparent, however, why an ammonia 
molecule should possess an electron affinity for 
high energy electrons and not for those of low 
energy. The interpretation must be that some 
change is induced in the ammonia molecule by 
electrons of energy greater than a certain amount, 
and that attachment takes place as the result 
of this change. The most probable process which 
can occur is some type of dissociation. This 
possibility of dissociation occurring in certain 
attachment processes was suggested by James 
Franck as early as 1928 on the basis of Loeb’s 
observations of various apparent classes of at- 
taching molecules. 

The photochemical decomposition of ammonia 
has been extensively studied and the most prob- 
able reactions set forth. Two possible initial 
steps may be proposed. They are, with the cor- 
responding energies, 

NH;+/v—>NH2+H, ££4.7 volts, (1) 
NH; 


NH +He, E=3.0 volts. (2) 
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Wiig and Kistiakowsky® have shown that (1) 
occurs in the photochemical decomposition of 
NH; followed by subsequent secondary reactions 
which lead eventually to the formation of Nz and 
He. Koenig and Wagner,’ however, have found 
that by decreasing the electric current in silent 
ammonia discharges a reaction to hydrazine 
may be made to occur almost quantitatively. 
Such a reaction as the result of electron impact 
is better explained by (2) above rather than as a 
secondary reaction of (1). Gedye and Allibone® 
have also observed the formation of NeHy, in 
the decomposition of NH; by high speed elec- 
trons. 

It seemed very probable that some reaction of 
this type occurred in the process of electron at- 
tachment at high X/p. No resultant He could be 
detected, however, after freezing out all the 
ammonia with liquid air at the conclusion of an 
experiment. This was to be expected, however, 
from the volume of the tube and the magnitude 
of the electronic currents employed. Accordingly 
a very much smaller tube was constructed with 
small plane polished zinc electrodes. Electron 
currents of the same or greater intensity could 
be obtained from this tube, and the smaller vol- 
ume multiplied any residual hydrogen pressure 
by a factor of 10. Using ammonia pressures of 
the order of 5 mm, the curve shown in Fig. 3 
was obtained, the pressures being read on a 
McLeod gauge after freezing out the NH; with 
liquid air. To eliminate photodecomposition of 
the ammonia a 20 cm filter of NH; gas at two 
atmospheres pressure wes employed. The ex- 
periments were difficult because of the extremely 
minute quantities of gas involved, but showed 
definitely that at even moderately low fields a 
residual gas, uncondensable by liquid air, is 
produced by the passage of electrons through 
ammonia. Furthermore, the appearance of this 
gas occurs at approximately the same value of 
X/p as that at which negative ions begin to be 
formed. 

It is therefore suggested that the NH; mole- 
cule does not form a stable negative ion, but that 


SE. O. Wiig and G. B. Kistiakowsky, J. A. C. S. 54, 
1806 (1932). 

7 Koenig and Wagner, Zeits. f. physik. Chemie A144, 
213 (1930). 

§ Gedye and Allibone, Proc. Roy. Soc. A130, 346 (1931). 

















NORRIS E. 
zo 
at Hydrogen from Dissociation 
of M14, 

10+ 
o OP 
Q 
Q 

o whiney n i 1 

*., & 10 15 20 25 30 
PP 


Fic. 3. Residual gas, uncondensable by liquid air, formed 
by the passage of electrons through NH;. 


negative ions in ammonia are formed, probably 
in a single elementary process, by the reaction 


NH;+e>NH-+H:. 


The ion which finally results may be of the order 
of N:H,- by a secondary process. There are two 
reasons for suggesting that the decomposition 
and attachment occur in a single process. In 
the first place such a reaction affords a most 
convenient means for dissipating the energy of 
attachment, as it is not necessary to call upon 
either radiation or a three body collision to ac- 
count for its disappearance. This question will 
be discussed in more detail at another point. 
Secondly, if dissociation occurs followed by sub- 
sequent attachment of another electron, then the 
probability of such an attachment would have 
to be nearly unity as the actual concentration of 
the products is so minute. 

It, therefore, seems probable that the process 
of negative ion formation in NH; is not one of 
attachment to the ammonia molecule, but a 
simultaneous process of dissociation and attach- 
ment to one of the products formed. It is probable 
that the electron energy required for this process 
to occur must be close to that required for dis- 
sociation, as the electron affinity is small and 
cannot be available until dissociation can nearly 
be brought about by the electron itself. The rise 
in the curve then occurs as the energy of the 
electrons increases and dissociation becomes 
more probable. 

Further evidence of the fact that inelastic 
impacts occur in ammonia at values of X/p of 
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the order of magnitude of 10 is shown by the 
mobility curve of electrons in ammonia which 
was found to increase at that point. On the 
Compton® theory of electronic mobilities this 
behavior is an immediate consequence of such 
impacts. 

As a further test of this theory of negative ion 
formation, experiments were carried out with 
mixtures of NH; and the inert gases Nez, A and 
He. In the experiments on oxygen, such mixtures 
were shown to affect the rate at which electrons 
gained energy in the gas without changing the 
character of the attachment curve, its position 
on an X/p scale only being shifted. The results 
of such measurements in NH; are shown in Fig. 
4. From these curves and data of Townsend” on 
electron energy in gases as a function of X/p, it 
is possible to estimate the energy at which the 
formation of negative ions begins to occur. This 
gives a value of about 4 volts and is of the correct 
order of magnitude for the process suggested. 
Definite proof that this is the correct explana- 
tion of the phenomenon must await mass-spec- 
trographic analysis of the products. It seems, 
however, strongly suggested by the present ob- 
servations. 


CARBON MONOXIDE 


Carbon monoxide was prepared from pure 
sodium formate and concentrated sulfuric acid, 
all air and water vapor being removed by evacu- 


°K. T. Compton, Rev. Mod. Phys. 2, 231 (1930). 
10 J. S. Townsend, Jr., J. Frank. Inst. 200, 563 (1925). 
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ating the reaction flask before adding the sulfuric 
acid. The CO so formed was passed over hot 
copper shot and through several liquid air traps 
for complete drying. 

No attachment was observed in CO at any 
value of X/p between 0.25 and 20, the practical 
limits of the apparatus. The observational limit 
of the apparatus is a function of pressure, but 
one may determine probabilities of capture 
greater than 10-® at the higher pressures and 
10-7 at lower pressures (5 mm). Any attachment 
in CO is therefore less than these probabilities 
and is presumably zero. 

Electron attachment in CO has been studied 
by Wahlin" who found a coefficient of the order 
of 10-* but suggests that the value might be 
zero. This agrees with the present measurements 
and it is therefore coricluded that CO has no elec- 
tron affinity and under ordinary conditions, 
negative ions cannot be formed in it. Since the 
energy required to dissociate CO is about 9.0 
volts, it is probable that electrons within this 
range of X/p do not attain this energy. Negative 


O- ions have been observed in CO at low pressure . 


by Tate and Lozier'? when the energy of the 
bombarding electron exceeded 10 volts. Such a 
process could doubtless be made to occur at 
ordinary pressures provided the electron energy 
reached the proper amount. The measurements 
of Townsend,” however, indicate that even at 
an X/p of 20, the energy is hardly 2 volts. The 
similarity of the electronic structure of CO to 
that of Ne makes quite reasonable its lack of an 
electron affinity. 


Nitric OXIDE 


Nitric oxide was prepared by two different 
methods since the character of the results ob- 
tained showed that definite and unambiguous 
purity was necessary. The gas was first prepared 
by the decomposition of a dilute sodium nitrite 
solution in an air free flask with sulphuric acid. 
The gas so formed was passed over P20; and 
solidified in a trap cooled with liquid air. The 
other means of preparation, which was simpler 
and equally satisfactory, was by the thermal 


1H. B. Wahlin, Phys. Rev. 19, 173 (1922). 
(1939) T. Tate and W. W. Lozier, Phys. Rev. 39, 254 
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Fic. 5. Probability of electron attachment in NO. The 
different curves are for different pressures as shown. 


decomposition of diphenyl nitrosoamine. East- 
man’s practical grade was employed and heated 
below the temperature of decomposition (140°) 
for some time in a vacuum. The temperature was 
then raised to 140° and the gas collected in a 
liquid air cooled trap. As far as could be deter- 
mined, the resulting NO was extremely pure. 
The gas was fractionated from the solid state 
and passed through traps held at —150° into the 
measuring chamber. The use of mercury cutoffs in 
place of ordinary stopcocks was particularly 
advantageous with this gas. The presence of 
any Oz would have been indicated by a red color 
from NO: formed, and the latter gas would have 
been frozen out in the protecting traps. 

The results obtained in this gas are shown in 
Fig. 5 where the probability of attachment is 
plotted as a function of X/p. Almost alone of all 
gases studied, there was here observed a definite 
variation of the probability of attachment with 
pressure. The curves indicate a marked increase 
in attachment with increase in pressure. To make 
doubly certain that the effect was not due to 
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Fic. 6. Variation in the probability of electron attach- 
ment in NO with pressures. The electron energy corre- 
sponds to that for X/p=1.5. 


impurities, experiments were made on a single 
sample of gas which was pumped down from the 
higher pressures to the lower, the runs in each 
case being taken at the same X/p. The points 
so obtained were used as the basis for Fig. 6 and 
the data from the curves in Fig. 5 plotted there 
as well. It is seen that the attachment coefficient 
at a given X/pisa linear function of the pressure. 
Such a variation immediately suggests that some 
form of triple collision occurs since an increase in 
pressure increases the fraction of all collisions 
which are of the three body type. 

Inasmuch as a three body process has often 
been put forward as one of the means of dissipat- 
ing the energy of attachment, if was of interest to 
investigate the effect further in this gas. A mix- 
ture of equal parts of Ne and NO was made up 
and attachment investigated in this artificial 
gas. Ne was chosen as it is the most nearly similar 
in mass to NO of the inert gases. In such a mix- 
ture, three kinds of triple collisions may take 
place. They are: 


Not Note 
Net+ NO+e 
NO+NO-+e 


The first of these will not result in a negative 
ion. A priori, either of the other two processes 
might be equally effective, and hence, if results 
were compared at the same pressure, the value of 
h for the mixture should be 2/3 that for NO. 
Actually, however, it is about 1/3 showing 
definitely that two molecules are involved in the 
attachment process and that they are both NO 
molecules. 
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It is, therefore, suggested that in the case of 

NO, we are dealing, in the primary attachment 
process, not with NO, but with a labile, lightly 
bound polymer of NO, i.e., (NO)s. NO is one of 
the well-known ‘“‘odd”’ molecules, and, in view of 
the tendency of such molecules to polymerize, 
it has been a most interesting exception. There is, 
however, evidence for its association into double 
molecules at low temperatures, and Kassel" has 
calculated the energy of attraction between two 
NO molecules. This comes out to be as much as 
0.05 volts. The electronic structure of NO has 
been discussed by Pauling,’ and reasons have 
been presented why NO may not polymerize 
to any great extent. However, in consequence of 
these experiments, the character of the molecule, 
and its known association at low temperatures, 
it is suggested that lightly bound polymers of 
NO do occasionally occur. Negative ion forma- 
tion in NO is then to be explained by the forma- 
tion of NO~ from one of these temporarily 
existing pairs, the other molecule of NO carrying 
away the excess energy of the reaction. Triple 
.collisions of the kinetic theory type when no 
intermolecular forces exists are probably too 
rare to account for negative ion formation, but 
the existence of slight intermolecular forces is 
sufficient to enormously increase their frequency. 
While the deviation of NO from a perfect gas 
is not excessively great, it is of sufficient magni- 
tude to pérmit this explanation. 

The rate of negative ion formation in NO has 
not previously been studied and there are no data 
with which to compare these results. Negative 
ions with high velocity electrons (~10 volts) 
have been observed in NO by Tate and Smith” 
and also Hogness and Lunn,!* but the ions 
formed are largely atomic and due to processes 
involving dissociation. 


CHLORINE AND HYDROGEN CHLORIDE 


The great rapidity with which these molecules 
apparently attach free electrons as well as their 
great chemical reactivity made measurements in 


13. S. Kassel, Kinetic of Homogeneous Gas Reactions, 
p. 170, Chemical Catalog Co., New York, 1932. 

14. Pauling, J. A. C. S. 53, 3225 (1931). 

6 J. T. Tate and P. T. Smith, Phys. Rev. 39, 270 (1932). 

16 Hogness and Lunn, Phys. Rev. 30, 26 (1927). 
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FORMATION OF NEGATIVE 


these gases extremely difficult. Attachment was 
so rapid that at even the lowest pressures at 
which the grids would function (~2 mm) no 
measurements were possible. The device of dilu- 
tion with an inert gas, usually argon, was there- 
fore resorted to since the mixture experiments 
had always showed that the character of the 
curves was unchanged under such circumstances. 
Under these conditions the grids functioned 
properly, yet the concentration of the active 
gas was small enough to permit measurements to 
be made. 

Hydrochloric acid gas was prepared by drop- 
ping concentrated sulfuric acid on NaCl in a 
vacuum. The resulting product was frozen, any 
uncondensable gas pumped off, and the final 
product fractionally distilled. The gas was 
passed through traps held at —115° before ad- 
mission to the measuring chamber. Under these 
circumstances a gas of such purity and dryness 
was obtained that ample photoelectric currents 
could still be obtained from the zinc photoelectric 
surface. The diluting gases were purified in the 
usual manner with hot copper shot and liquid 
air cooled traps. 

The results are shown in Fig. 7. In this case 
the values of X/p are those for the gaseous mix- 
ture of argon and HCl and must not be con- 
sidered as applying to the undiluted gas. It is 
seen that attachment occurs in HCI for electrons 
even of very low energy, and that the probability 
of attachment increases rapidly as the energy of 
the electrons is increased. This latter phenom- 
enon seems to indicate that negative ions are 
formed in HCl as the result of a dissociation 
process similar to that observed in NH3. The 
reaction probably occurring would be of the form 


HCl+e>H+Cr-. 


The energy of dissociation of HCI is 4.5 volts and 
the electron affinity of the Cl atom, calculated by 
means of the Born cycle,!” is about 4.1 volts. 
Thus energy is available for the dissociation 
process at even low electron energies, and the 
presence of negative ions in the gas, indicated by 
mobility experiments, at low values of X/p can 
be explained on this basis. As the energy of the 
electrons is increased, dissociation and the forma- 





7 J. Sherman, Chem. Rev. 11, 93 (1932). 
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Fic. 7. 


tion of Cl- becomes more probable and the rate 
of negative ion formation increases. Such a proc- 
ess permits a kinetic disposition of the energy of 
binding, and seems to be in accord with the ex- 
perimental observations. Furthersupport for such 
an interpretation is found in the work of Bar- 
ton'® who found only Cl~ ions in HCI with even 
very slow electrons. It is therefore suggested that 
the negative ion initially formed in HCl is not 
HCI- but Cl-. These experiments are also in 
accord with those of Bailey'? who observed at- 
tachment in HCl at high values of X/p. He 
found that the probability of attachment in- 
creased as X/p increased, the most rapid rise 
occurring at an X/p of 15. This is undoubtedly 
the same phenomenon as observed here. 

The experiments with chlorine presented even 
greater difficulty than those with HCl. The gas 
was prepared by the thermal decomposition of 
CuCl, in the manner described by Loeb” with 
great care to keep the system thoroughly dry. 
In spite of this, a considerable decrease in the 
photoelectric activity of the plate was observed. 
However, measurable currents could still be 
obtained, and the results of experiment with 
argon dilution are shown in Fig. 8. Here it is to 
be expected that a process of dissociation would 
occur since the dissociation energy of the Cle 
molecule is only of the order of 1.5 volts. There 


18F, A. Barton, Phys. Rev. 30, 614 (1927). 
19V. A. Bailey and W. E. Duncanson, reference 4. 
20 L. B. Loeb, Phys. Rev. 35, 184 (1930). 
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Fic. 8. Probability of electron attachment in Cl, (in 
argon mixtures). 


is thus available ample energy to dissociate the 
molecule with the formation of Cl-, and the 
character of the curve, rising with increase in 
electronic energy substantiates this interpreta- 
tion. This is also in accord with the observations 
of Hogness and Harkness*! on the formation of 
negative ions in I, at very low pressures. They 
observed as a primary process only the forma- 
tion of I- even at very low electron energies. 
A similar behavior would be expected in Cle. 
The only quantitative measures of the prob- 
ability of attachment in Cl, are those of Wahlin™ 
who found an approximate value of 10~* in good 
accord with the present measurements. 


DISCUSSION 


As has been indicated, one of the greatest 
problems of negative ion formation is the means 
of dissipation of the energy of binding. Three 
a priori possibilities are available for this. They 
are: (1) radiation; (2) three body collision; (3) 
dissociation and simultaneous attachment. Of 
these three processes, (2) and (3) are not essen- 
tially dissimilar since both involve the removal 
of the energy as kinetic energy by a third body. 


21 Hogness and Harkness, Phys. Rev. 32, 784 (1928). 




































BRAIDBURY 


Various attempts have been made to observe the 
radiation emitted in the formation of negative 
ions, but the experiments have been compli- 
cated by a lack of intensity or other factors. 
Oldenburg’ attempted to observe an electron 
affinity spectrum from the iodine atom but with- 
out success. However, in certain cases, notably 
Oz and SOs, there seems to be fairly definite 
evidence that an O2~ or an SO-7 ion is formed. 
In such a case there is no process except radia- 
tion which can carry off the excess energy. Since 
the probability of attachment increases for very 
slow electrons, the energy of the electron cannot 
play any part in a dissociation process, and the 
energy of attachment cannot be as much as the 
5.4 volts necessary for dissociation. Other con- 
siderations as well seem to point to the existence 
of an O2- ion. Erikson® has found that the 
mobilities of newly formed positive and negative 
ions were the same, and Luhr*™ has shown that 
even in a glow discharge, 95 percent of the posi- 
tive ions formed are Ot. The aging experiments 
thus point to an initial equality of mass and hence 
to an Os ion. The question cannot be settled 
definitely, however, without mass-spectrographic 
analysis. 

Of the three types of attachment process, all 
apparently can and do occur. That of dissocia- 
tion and attachment in a single elementary proc- 
ess, in which the energy is carried off by the 
particles themselves, is apparently the most 
common and readily occurring. It occurs in NO 
though here the electron affinity is sufficient to 
break the apparently weak binding forces, and 
the kinetic energy of the electron plays no part 
other than to decrease the probability of attach- 
ment as its energy increases. Further examples 
of the more common type of curve, where the 
probability of attachment increases with in- 
creasing electronic energy, and which is inter- 
preted as a dissociation process, will be dis- 
cussed in Part II. 


O. Oldenburg, Phys. Rev. 43, 543 (1933). 
H. A. Erikson, Phys. Rev. 30, 339 (1927). 
O. Luhr, Phys. Rev. 44, 459 (1933). 
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The Formation of Negative Ions in Gases 
Part II. CO2, N,O, SO, H:S and H:O0 


Norris E. BRADBURY* AND Howarp E. Tate, Massachusetts Institute of Technology 
(Received October 4, 1934) 


The study of electron attachment has been extended to 
the gases CO2, N2O, SO2, H:S and H.0. No negative ions 
were observed in CO. In N,O, below X/p=2, no negative 
ions were formed, and the N2O molecule apparently has 
no electron affinity. For values of X/p>2, the electrons 
possessed sufficient energy to dissociate the molecule and 
negative ions, probably O-, were formed in increasing 
numbers. SO2 showed an electron affinity forming negative 
ions with electrons of very low velocity. The probability 
of attachment decreased as X/p increased until an X/p 
of about 13 when an increase in probability of formation 


was noted. This is probably due to dissociation and 
formation of SO-. No negative ions were observed in H.S 
below an X/p of 6. For greater values of X/p negative 


ions were formed in increasing amounts presumably by a 


dissociation process with the formation of HS~. A similar 
behavior was observed in H.O at an X/p=10, with the 
formation of OH~. Negative ion formation in H,O was also 
observed at low X/p and varied with the pressure of the 
gas. This is explained as being due to negative ion forma- 
tion from small molecular aggregates existing near the 
point of condensation of the water. 





HE formation of negative ions by electron 

attachment in the common diatomic gases 
has been reported in the preceding paper. It 
was possible, there, to interpret the character- 
istics of the observed attachment processes in 
terms of known molecular constants and proper- 
ties. Extensive experimental work in both elec- 
tron bombardment and band spectroscopy of 
such molecules has made available a great 
amount of pertinent data, thereby greatly sim- 
plifying the analysis of the energy relations in 
negative ion fromation. The study of electron 
attachment in ammonia, however, showed that 
it was possible to interpret the phenomena oc- 
curring fairly satisfactorily, even where detailed 
knowledge of the electronic properties of the 
molecule was lacking. It was, therefore, of great 
interest to extend the data to include the com- 
mon triatomic inorganic molecules. The results 
given here were taken with the same apparatus 
and methods described in Part I. 


Nitrous OXIDE 


Nitrous oxide was obtained from a commercial 
tank of the gas of high purity. The gas was 
solidified in a trap cooled with liquid air, and 
any uncondensable gases pumped off. This 
process was repeated and the resulting product 
twice fractionated with liquid air. The middle 
third of the final sample was retained for use. 





* National Research Fellow. 
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In all these experiments, it was generally found 
that physical methods of purification were not 
only simpler than chemical means, but lead to a 
purer product. 

The results of the experiments are shown in 
Fig. 1 where the probability of electron attach- 
ment at a single collision, h, is plotted as a func- 


tion of X/p, the field strength in volts/cm 


divided by the pressure in millimeters of Hg. It 


is seen that no attachment occurs for small 


values of X/p, and that therefore, the NO 


molecule has no electron affinity. However, at an 
X/p greater than 2, negative ions are formed in 
the gas and continue to be formed in increasing 
numbers as the value of X/p is increased. 
This is a type of process which has been observed 


in NH; (Part I) and it has been shown that 


dissociation is apparently typified by such an 
attachment curve. The most interesting feature 
of this case is the low energy at which the process 
seems to occur. 


Electron attachment has been studied in N,O 
by Bailey and Rudd,! and though they do not 
carry their curve to a very low value of X/p, 
the general behavior is the same as that reported 
here, a probability of attachment increasing 
with increasing X/p. They also find that at very 
high X/p of the order of 25 the probability of 
attachment decreases somewhat. This observa- 
tion was beyond the range of the present ap- 
paratus. 


1 Bailey and Rudd, Phil. Mag. 14, 1033 (1932). 
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Fic. 1. Probability of electron attachment in N20. Data 
taken at different pressures as shown. 


The decomposition of N.O, by both thermal 
and photochemical means, has been extensively 
studied, though the results are not highly con- 
cordant. Two processes are possible for the de- 
composition : 


N:O-NO+N, (1) 
NOON, +0. (2) 


The energy required for reaction (1) is 4.7 volts 
and that for reaction (2) is 1.8 volts. The first 
reaction has been shown to occur for the photo- 
chemical process by Dutta? who observed con- 
tinuous absorption to set in at 2750A and this 
interpretation is further supported by observa- 
tions of Wulf and Melvin’ who found NO bands 
appearing in irradiated N2O. On the other hand, 
the thermal reaction has been definitely shown‘ 
to follow (2) with a slightly higher energy of 
activation. 

To determine which of the reactions occurred 
in the present case, the expedient of mixing N.O 
with inert gases was tried. The results are shown 
in Fig. 2. It is seen that for low energies at least, 
electrons gain energy in Ne at much the same 
rate as in N,O. It is then possible to determine 
from data of Townsend® on electron energies in 
Ne, the approximate energy at which attach- 
ment begins to occur. This is approximately 1.7 
volts for the foot of the curve, a value which is 


2 A. K. Dutta, Proc. Roy. Soc. A138, 84 (1932). 
3 Wulf and Melvin, Phys. Rev. 39, 180 (1932). 
4L. S. Kassel, Kinetics of Homogeneous Gas Reactions, 
p. 227, Chem. Catalog Co., New York (1932). 
5 J. S. Townsend, J. Frank. Inst. 200, 563 (1925). 
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Fic. 2. Probability of electron attachment in mixtures of 
N:O with equal parts of the inert gases, N2 and A. 


in excellent agreement with the value for reac- 
tion (2) above. 

Hence the most probable mechanism for nega- 
tive ion formation in N,O is a reaction of the 
type 

N.O+¢e>N2+0O-. 


Since Ne does not form negative ions, at least in 
the unexcited state, it is probable that the initial 
ion formed is O-. The subsequent character of 
the ion can be determined only by other methods. 
This is, apparently, another example of simul- 
taneous attachment and dissociation and the 
products of the reaction are available to carry 
off the excess energy. It may be noted in both 
this experiment and in that with NH; that the 
electronic reaction is not necessarily the same 
as the photochemical reaction. Where two types 
of dissociation are possible, that of the lower 
energy may first occur with electron bombard- 
ment when it does not appear photochemically. 


CARBON DIOXIDE 


Carbon dioxide was obtained from a commer- 
cial tank of anhydrous CO: and purified in a 
manner similar to N2O. Solid COz snow was kept 
on all traps during the course of the experiment 
to condense Hg vapor. 
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No attachment was observed in COz even at 
the highest X/p which could be studied. Since 
the lowest energy required for the dissociation 
of COz into CO+0 is 5.5 volts, it seems probable 
that electrons, at moderate values of X/p, do not 
easily attain this energy. This conclusion is 
supported by Townsend’s data for CO». Nega- 
tive ion formation has been studied in CO, by 
Loeb® and Wahlin.? Loeb found values as low 
as 10-7, but the value varied with the age of the 
gas indicating the presence of contamination 
from the walls of the chamber. It therefore seems 
reasonable to assert that the probability of at- 
tachment in COz2 must be less than 10-8 and that 
apparently COz does not form negative ions. 


SULFUR DIOXIDE 


Sulfur dioxide was obtained from a commercial 
tank of the anhydrous gas. It was first passed 
through a long tube of P.O; and then condensed 
at low pressure in a trap cooled with liquid air. 
Any residual gas was then pumped off and the 
process repeated after remelting the sample, 
which was then fractionated in the usual manner. 
CO: cooled traps were employed before the tube 
and for further drying, though they required 
that the experiments be made at pressures of 
SO: less than 4 mm. 

The results for SO are plotted in Fig. 3 where 
the probability of attachment is represented as a 
function of X/p. In SOs, as in oxygen, attach- 
ment definitely occurs for electrons of low energy 
and increases rapidly as the energy of the elec- 
trons decreases. This indicates that the SO. 
molecule must have an electron affinity and that 
some radiative process occurs for the dissipation 
of energy. As the electronic energy increases, 
the probability of attachment at first decreases, 
and then begins to increase. A similar phe- 
nomenon was noted in Os. This increase may be 
due either to a dissociation process or to an in- 
elastic impact (as in Oz), reducing the electron 
energy to zero with consequent increased prob- 
ability of capture. 

To determine at approximately what energy 
the rise in the probability of attachment oc- 
curred, mixture experiments were made with 





‘L. B. Loeb, Phys. Rev. 17, 89 (1921). 
‘H. B. Wahlin, Phys. Rev. 19, 173 (1922). 
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Fic. 3. Probability of electron attachment in SO,. The 
dotted curve is the probability of attachment in a mixture 
of equal parts of SO, and argon. 


argon and the X/p of the minimum points ex- 
trapolated to zero concentration of SO:. This, 
using Townsend’s tables, gives only a rough 
estimate of the electron energy, but determines, 
at least, an order of magnitude. The value so 
obtained is 4-6 volts for the electron energy at 
which the probability of attachment begins to 
increase. 

There is very little spectroscopic, photo- 
chemical, or electronic data with which to com- 
pare this value. The energy of dissociation of 
SO2, calculated from spectroscopic data, is given 
by Franck® for the two possible cases as: 


SO.-SO +0 
SO.0S +0, 5.71 volts. (2) 


5.70 volts, (1) 


Obviously, with energies so nearly equal it is 
impossible to determine which reaction, if either, 
occurs. Comparison of the observed and calcu- 
lated energies seems to indicate, however, that 
dissociation is occurring, though from these 
data alone it is impossible to determine which of 
the four possible initial ions is formed. Reaction 
(1) seems the most probable in the light of all 
evidence and SO~ is suggested as the ion initially 
formed at values of X/p> 14. 


HYDROGEN SULFIDE 


Hydrogen sulfide was first obtained from a 
commercial tank of the gas and purification 


8’ Franck, Sponer and Teller, Zeits. f. physik. Chemie 
B18, 88 (1932). 
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Fic. 4. Probability of electron attachment in H,S. The 
data were taken at different pressures as indicated. 


attempted in the usual manner. Experiment, 


however, showed that even after fractionation, 
the gas obtained was not entirely pure. The gas 
was therefore prepared by the cold hydrolysis 
of AloS; which gave a product of high purity. 
The results of the experiment are shown in 
Fig. 4. It is seen that no attachment occurs for 
low values of X/p, and consequently the H2S 
molecule has no electron affinity. However, at 
an X/p of 6, negative ions begin to be formed in 
the gas and are formed with increasing proba- 
bility as the energy of the electrons increases. 
This again is most easily interpreted as a dissocia- 
tion process of which two types are possible. 
They are: 
H.S->H:2+S _ 3.2 volts, 


H.S-~HS+H_ 3.7 volts. 


(1) 
(2) 


The photochemical decomposition of H2S has 
been studied by Stein,’ but he was unable to 
interpret his results unambiguously. The present 
experiments cannot discriminate between two 
reactions which require so nearly equal amounts 
of energy. However, from analogy with water, 
in which the OH~ ion has been observed in elec- 
tron bombardment experiments, it is probable 
that the same type of dissociation occurs here, 
and the initial ion formed is SH~ according to 
reaction (2) above. This energy is in accord with 
that determined from argon mixtures. 

The formation of negative ions in H2S has not 
been studied directly, but some experiments of 
Loeb” are interesting in this connection. In 


9N. O. Stein, Trans. Far. Soc. 29, 583 (1933). 
10 _ and Du Sault, Proc. Nat. Acad. Sci. 14, 192 
(1928). 
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gE. FARAISL 
studying the mobility of negative ions in highly 
purified samples of H2S, he observed that at 
certain values of the field strength he obtained 
only free electrons in the gas.. For higher fields 
negative ions were again observed and also for 
lower fields. The effect was transient and greatly 
dependent on the purity of the gas. These results 
are easily explained by the present experiments. 

The formation of negative ions at low fields 
was presumably due to slight traces of impurity 
which is not improbable in view of the difficulty 
of completely purifying this gas. (Similar effects 
were observed with the tank samples of gas in 
the present experiments.) At moderate values 
of X/p (~4) no ions were obtained, and at values 
greater than 6, negative ions were formed by the 
dissociation indicated above. 


WATER VAPOR 


Samples of distilled water were difficult to 
purify owing to the presence of dissolved gases 
which were hard to remove completely. It was 
found more satisfactory to prepare water vapor 
from carefully purified hydrogen and pure copper 
oxide which had been drastically heated in 
vacuum. The water thus prepared was frozen 
with liquid air and any excess hydrogen pumped 
off. Since hydrogen does not attach electrons, 
its presence in very small amounts would be 
harmless, while, as will be seen later, the oxygen 
or CO, dissolved in distilled water would have 
seriously affected the results. 

The probability of the formation of negative 
ions by electron attachment in water vapor is 
plotted in Fig. 5. Owing to the similarity of their 
electronic and chemical properties, H.O and 
H.S would be expected to show similar behavior 
in forming negative ions. At low pressures this 
prediction is verified. For higher pressures, how- 
ever, there is definite attachment and formation 
of negative ions even at low values of X/p. The 
explanation for this deviation from the character 
of the process observed in HS is simple, and is 
due to the fact that at the moderate pressures 
and room temperature water vapor is approach- 
ing condensation. Hence, there may exist large 
numbers of small aggregates and these should be 
very effective in forming negative ions. Other- 
wise, at lower pressures, where such groups will 
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Fic. 5. Probability of electron attachment in H,O. The 
various curves are for different pressures as shown. 


be far fewer, the water molecule behaves as does 
the H2S molecule and shows no electron affinity. 

At higher values of X/p, there is distinct evi- 
dence of a dissociation process similar to that 
observed in H2S. The energy required for the 
reaction 


H,O~H+0OH 


is about 5.4 volts, a value which is reasonable in 
these experiments and which was substantiated 
by the usual argon mixtures. Hence, the probable 
elementary process occurring in the formation 
of negative ions in water vapor at high X/p is 
that given by the above process with the forma- 
tion of OH-. This ion has been observed by 
Smyth and Mueller" and others and certainly 
does exist. H~ has also been observed, but the 
conditions for its formation are so unique that 
it is doubtful if it occurs here. 

Cravath” has briefly reported some interest- 
ing results on the effect of water vapor on the 
attachment process in oxygen. For water vapor 
alone he found a probability of attachment not 
greatly different in order of magnitude from that 
of oxygen. Under the circumstances of his experi- 
ment, he was undoubtedly studying the low X/p 
portion of the curves at the higher pressures 
given in Fig. 5. He also found that when water 
vapor and oxygen were mixed, more attachment 
was obtained than with either alone. Since mix- 
ture experiments with argon had given no indi- 
cation of such an effect, other gases were tried. 
In order not to complicate the results, only gases 


i myth and Mueller, Rev. Mod. Phys. 3, 384 (1931). 
® A. M. Cravath, Phys. Rev. 33, 605 (1929). 








which did not form negative ions were studied 
in the mixtures. Nitrogen was found to behave 
normally. COs, on the other hand, was found to 
produce many ions when mixed with water vapor. 
The explanation, then, of these results and those 
of Cravath must be that in the case of Oz and 
CO, considerable intermolecular forces exist 
between these molecules and water molecules. 
Their solubility in water is an indication of this. 
It has been seen that whenever strong intermole- 
cular forces exist, and polymers and compounds 
result (as apparently in NO and water) ready 
attachment to such compounds may occur. 
In general, it can be predicted that the effect 
of water vapor will be greatest in those gases 
which are highly soluble in water. 

Bailey * has studied the formation of negative 
ions in H,O and has found a probability of at- 
tachment which rises very rapidly from an X/p 
of 12. He did not investigate it at lower electron 
energies, but his observations are in agreement 
with the present experiments. 


CONCLUSIONS 


Of the triatomic molecules studied, SO: alone 
apparently has a real electron affinity. Mulliken" 
has suggested that both NO and CO, are linear 
molecules of similar electronic structure. It is 
therefore reasonable that if one of these molecules 
has no electron affinity, that the other should 
lack it as well. HeS and H.O behave in similar 
fashions, and would probably show identical 
behavior if HeS were studiec near its point of 
liquefaction. In all this work the fallacy of at- 
tempting to describe the electron affinity of a 
molecule from experiments in a single energy 
range has been very evident. As a result, a true 
electron affinity of a stable molecule is a much 
rarer quality than has been commonly supposed, 
though negative ions do exist in a large number 
of gases under certain conditions. A study of the 
mobility of some of these ions for very short 
ages might prove of considerable interest. 

It is a pleasure to acknowledge indebtedness 
to the Massachusetts Institute of Technology 
for the facilities of their laboratories and to the 
staff of the department of physics for many 
helpful suggestions. 

13. A. Bailey and W. E. Duncanson, Phil. Mag. 10, 


144 (1930). 
4 R.S. Mulliken, Phys. Rev. 40, 60 (1932). 











DECEMBER, 1934 JOURNAL OF 


CHEMICAL 


VOLUME 2 


PHYSICS 


Note 


The Electronic Configuration of Molecules and Their Electron Affinity 





T is well known that the probability of formation of 
negative ions by electron attachment varies widely for 
different gases. The cause of this variation, however, has 
been very obscure. Attempts have been made to relate the 
electron affinity of a molecule to its dipole moment, but 
such a hypothesis almost universally breaks down. It is 
generally held that negative ions may be formed in the 
so-called ‘‘electronegative’’ gases, but this is largely an 
ad hoc explanation. It is obvious that the real factor which 
determines whether or not a molecule will be able to hold 
a stable additional electron must be closely related to the 
electronic configuration of the normal molecular state. 
Heretofore, the data on electron attachment have been of 
so limited extent that no relation between the electronic 
structure of a molecule and its electronic affinity could be 
determined. With the additional evidence which is now 
available,! however, it is possible to point out some ex- 
tremely interesting relations which appear to exist between 
the electronic configurations of molecules and their ability 
to form stable negative ions. 

The data which are available for diatomic gas molecules 
relative to their structure and their electron affinity are 
given in Table I. 

It is seen that the diatomic molecules which are char- 
acterized by 'Z configurations (1p for the monatomic gases) 
do not form stable negative diatomic ions. It is true that 











TABLE I. 
Molecule Ground state? Negative ion exists 
He 1S No 
A, Kr, Ne 1S No 
H. 1y No 
No 1 No 
[0 1y No 
Clo, Bre, Is 1y No—probably dissociates 
into CI-, etc. 
HCl 1y No—dissociates into Cl- 
O’, (1.62 v) 1y No—(probably not) 
Oz 3p Yes 
NH >) Yes 
NO 11 Yes 
OH “TI Yes 
CN : Yes 
SO sy Yes 








1N. E. Bradbury, Phys. Rev. 44, 883 (1933). N. E. Bradbury, 
J. Chem. Phys. 2, 827 (1934). N. E. Bradbury and H. Tatel, J. Chem. 
Phys. 2, 835 (1934). V. A. Bailey and W. E. Duncanson, Phil. Mag. 10, 
144 (1930) 

2Jevons, Report on Band Spectra of Diatomic Molecules, p. 272. 
University Press, Cambridge, 1932. 


negative ions exist in several of these gases, but in such 
cases they are formed in a dissociation process, one of the 
products of which attaches the electron. The !Z state is 
characterized by having no resultant spin or angular 
momentum, the electrons all forming entirely closed \ 
groups. Such a configuration at once makes evident the 
relative inertness of the molecule with respect to an extra- 
molecular electron, and negative ions would not be expected 
to be formed. On the other hand, those molecules which 
possess uncombined spin or orbital momenta can form 
stable negative ions by adding an extra electron whose 
momentum can add to that already present. This rule 
apparently holds for all diatomic molecules which are avail- 
able for experiment. It also suggests that certain molecules 
might tend to form negative ions by attaching electrons in 
an excited state, providing the life of that state were long 
enough. Some evidence to this effect has been presented 
by da Silva? for Ns. 

It is possible to extend the reasoning in a limited fashion 
to polyatomic molecules. It would be expected that highly 
symmetrical molecules would not form negative ions. This 
is borne out by experiments in NH; and probably by experi- 
ments in CH,. Two particularly interesting cases are pre- 
sented by CO, and N,O. According to Mulliken‘ these are 
both linear molecules and have electronic states analogous 
to the 'S case for diatomic molecules. The prediction that 
such molecules would possess no electron affinity is borne 
out by experiment.! The electronic configuration of acety- 
lene, C2H., is of the '2 type according to Hedfeld and 
Mecke.® It is probable that C,H: has no electron affinity 
since Loeb found a probability of attachment of the order 
of 10~7 or less, and Tate and Smith® in electron bombard- 
ment experiments observed negative ions in the gas which 
were definitely not C.H.-. 

It therefore seems possible that one can predict the quali- 
tative character of the electron affinity of a molecule if the 
electronic configuration is known. On the other hand, it 
may be possible to obtain knowledge of the normal state 
of a molecule from the character of the electron attach- 
ment in the gas, This should prove of particular value in 
studying the electronic structure of polyatomic molecules. 

Norris E. BRADBURY* 
Massachusetts Institute of 
Technology 

3M. A. da Silva, Ann. d. Physik my = (1929). 

‘R. S. Mulliken, Phys. Rev. 40, 6 0 (19 32). 

5 Hedfeld and Mecke, Zeits. f. Bivreile 64, 151 (1930). 


6 J. T. Tate and P. T. Smith, Phys. Rev. 39, 270 (1932). 
* National Research Fellow. 
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X-Ray Studies of the Molecular Arrangement in Liquids’ 


S. KatzorF, Department of Chemistry, The Johns Hopkins University 
(Received September 27, 1934) 


An improved technique has been developed for taking 
x-ray diffraction photographs of weakly absorbing liquids. 
Photographs of water, heptane, decane, benzene and 
cyclohexane have been taken and several hitherto un- 
observed details have been discovered. The photographs 
of water have been mathematically investigated by the 
method of Zernike and Prins, and it was concluded that 
nearly every molecule has four others around it. No 
evidence was found either for the definite ‘‘quartz-like” 
arrangement or for the extensive degree of close packing 
which are postulated by Bernal and Fowler. With the 
organic compounds there was apparent in every case a 
striking resemblance of the outer parts of the photographs 
to electron diffraction photographs of the corresponding 
vapors. This is in agreement with Debye’s prediction and 


argues for a relatively low degree of periodicity in the 
liquid structure. It has been shown further that the two 
outer bands which occur in the photographs of the normal 
hydrocarbons should appear whenever the molecules of 
the liquid consist largely of lengths of straight saturated 
hydrocarbon chain. Some discussion of the structure of 
the organic liquids has been given. In particular, a theory 
on the structure of liquid benzene has been postulated 
and found, using the method of Zernike and Prins, to 
predict with satisfactory accuracy the observed photo- 
graph. The viewpoint which has been found useful in the 
present discussions is that, to a predominating extent, 
adjacent molecules in the liquid are held together in very 
nearly the same manner as in the crystal, while, except 
for this, the arrangement is random. 





INTRODUCTION 


N the interpretation of the x-ray scattering 
from liquids, different investigators have 

shown preference for different theories. Without 
at this place attempting a discussion of their 
relative merits, it may be pointed out that the 
physical pictures upon which they are based are 
not necessarily mutually exclusive. Their relative 
values must depend on the quantitative de- 
scriptions of these basic pictures. It appears 
that there is much to be gained by efforts toward 
a more quantitative interpretation of the x-ray 
diffraction photographs. 

It is a great pity that much of the technique 
employed by investigators in the field has been 
so inferior to what is attainable as to fail to 
show all but the strongest, innermost bands, 
and, in some of the earlier work, even to intro- 
duce false effects. The outer detail of a picture 
may be weak merely because of the rapid de- 
crease of the atomic scattering factor and the 
increasing contribution of the incoherently scat- 
tered radiation. For example, when the water 
picture is corrected for. these, the second and 
third bands are comparable to the first (compare 
Fig. 3 with Fig. 4). 





‘ Adapted from the dissertation submitted by the author 
to the Board of University Studies of The Johns Hopkins 
University in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy. 
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There are usually two important sources of 
error in making diffraction studies of liquids: 


(a) Scattering from the glass tube or other container is 
superimposed on that from the liquid itself. 

(b) The x-ray beam is not strictly monochromatic, but 
has a background of continuous radiation, the 
scattering of which is superimposed on that of the 
monochromatic rays. 


In the present work they have been avoided by 


(a) using a flowing cylindrical jet of the liquid, and 
(b) using a rocksalt crystal monochromator. 


APPARATUS AND TECHNIQUE 


A vertical section of the camera (effective 
film diameter= 57.3 mm) and circulating system 
is shown in Fig. 1. A motor with reducing gear 
by compressing and releasing the rubber bulb 
A alternately fills the glass bulb B through the 
lower valve and empties it through the upper 
valve. The float valve serves to regulate the flow, 
always keeping a certain minimum amount of 
liquid around it. In order to make pictures of 
liquids at other than room temperature, these 
parts were made small enough to be enclosed 
completely in a 1-quart Dewar vessel, and the 
remainder of the circulating system was made 
with Dewar insulation (double walled, silvered 
and evacuated). As little as 20 cc of liquid can 
be circulated in this system. The liquid jet is 
0.66 mm in diameter. 

















Fic. 1. 


The film holder is a brass collar which can be 
strapped on to the camera, a rubber edging on 
the collar serving to make the joint air- and 
light-tight. Aluminum foil, 0.025 mm thick was 
always used over the film. 

Copper Ka radiation was used, obtained from 
a Seemann hot-filament x-ray tube* operating at 
20 m.a. and 45 kv peak. In order to get effectively 
monochromatic radiation, the very compact 
Seemann monochromator-slit system was used, 
which contains a small excellent rocksalt crystal 
set for the (200) reflection. It was later found 
that the intensity of the reflections could be 
about doubled, without causing appreciable 
broadening, by polishing the crystal face,* so a 
polished crystal was used in all subsequent work. 

A special design for the filament in the x-ray 
tube was used in this work in order to secure a 
uniformly intense beam through the slit. This 
is a problem which becomes important when a 
crystal monochromator is used, for, if the part 
of the focus which serves as the source of x- 
rays is not uniform, the sample will be exposed 
to a beam of corresponding non-uniformity. If 


2 Purchased from the Seemann Laboratory, Freiburg i. 
Br. 

Others have observed similar effects. An example is 
given in Bragg and Bragg, X-Rays and Crystal Structure, 
p. 219, 1924. (London, G. Bell and Sons, Ltd.) 
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there is appreciable absorption in the sample, 
this can cause considerable error in the relative 
intensities at different parts of the photograph; 
MéGller and Reis’s absorption corrections,‘ which 
were used in this work, are based on the assump- 
tion of a uniform, parallel beam. The filament is 
shown in Fig. 2. It is made by winding the 





Fic. 2. 


tungsten wire between the teeth of a small 
comb, specially made for the purpose, of small 
strips of thin sheet iron. In mounting the 
filament there was placed over the focusing tube 
a flat metal disk having a smal] rectangular 
hole into which the filament protruded. The 
effect is that of a flat surface, a small rectangular 
section of which emits electrons. The electrons 
move perpendicular to this surface, producing a 
small rectangular focal spot, which appears like 
a diffuse projection of the filament itself. Pin- 
hole photographs showed very excellent spots, 
and films placed where the sample should be 
showed that the beam coming through the slit 
was very uniform. 

It was found that the darkening which occurs 
on the films in the region of very small angular 
deviation could be avoided, for the most part, 
by replacing the air in the camera by a gas of 
less scattering power. A slow stream of helium 
was passed through the camera for this purpose, 
hydrogen not being used since it appeared to 
fog the films due to its reducing properties. 
For taking photographs of liquids at low tem- 
peratures, it was found necessary to dry the gas 
with phosphorus pentoxide and to close off C and 
D in order to avoid the condensation of ice on the 
liquid. For liquids near the boiling point it was 
found necessary to increase the rate of flow of the 
helium in order to sweep out the vapors. Even 
so, these pictures of hot liquids showed con- 
siderable darkening at small angles, and it is 
not certain whether this is purely the tempera- 


4H. Moller and A. Reis, Zeits. f. physik. Chemie A139, 
425 (1929). 
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ture effect or whether an appreciable part of it 
was due to scattering by the vapor surrounding 
the jet. Considerable evaporation from the jet 
occurred in these cases, sometimes amounting to 
as much as 20 cc of liquid per hour. In order to 
conserve the substance, traps were inserted in 
the outgoing gas line. 

The time of exposure was variable, depending 
on the purpose of the exposure. Ten hours 
sufficed for the weak, outer parts of the photo- 
graphs. A set of comparison spots, made by 
exposing small sections of a strip of film for 
measured lengths of time, was made for every 
photograph and developed simultaneously with 
it. The films were photometered with a Moll 
microphotometer. As a rule, for all but the inner 
part of the film, a 5-mm horizontal strip of the 
film was photometered, in five 1-mm sections, the 
five curves being superimposed on the same 
piece of sensitized paper. For the inner part of 
the film, where the bands have appreciable 
curvature, a 3-mm strip was taken. This method 
of minimizing the effect of grain irregularities is 
simpler than the method of Richtmyer and 
Hirsch® (in which the film is constantly oscil- 
lated) and quite as effective. 


MATERIALS 


The liquids studied in this work were water, 
benzene, cyclohexane, normal heptane and 
normal decane. Some of the cyclohexane which 
was used was obtained from the Eastman Kodak 
Company, and some was made by the author by 
the catalytic hydrogenation of benzene. The two 
samples had the same refractive index and gave 
identical pictures. Both the heptane and the 
decane, which were of over 99 percent purity, 
were very kindly supplied by the American 
Petroleum Institute from their supplies at the 
Bureau of Standards. 


StuDyY OF WATER 


In the case of water it was possible to check 
some of the results against a very similar, careful 
piece of work by Meyer,’ who, also using a free 
jet and a crystal monochromator, took photo- 





°F. K. Richtmyer and F. R. Hirsch, Jr., Rev. Sci. 
Inst. 4, 353 (1933). 
°H. H. Meyer, Ann. d. Physik 5, 701 (1930). 
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0.2 0.4 0.6 0.6 1.0 
s=(2 sin 6)/A 


Fic. 3. Intensity curves for water at 3° (full line) and at 
90° (dotted line). Corrected for absorption and polari- 
zation. 


graphs of water between 3° and 40°. Amaldi’ 
has also tried a crystal monochromator but, 
although he reports little advantage over the 
use of low voltage, filtered radiation, his pub- 
lished intensity curves differ somewhat from 
those of Meyer or of the present writer. 
Pictures of water were taken at various tem- 
peratures between 3° and 90°. The intensity 
curves for the two extremes are given in Fig. 3. 


Existing discussions of the water photograph 


There are to be found in the literature a 
number of interpretations of the x-ray diffrac- 
tion from water. First, it has been frequently 
pointed out that the position of the first band 
is in agreement with the hypothesis of a rough 
close packing of spherical molecules, the Keesom® 
relation being applied. Meyer, who first ob- 
served the second band, explained its appearance 
by pointing to the prevailing conception of 
water as an associated liquid. The disappearance 
of the second band with rise in temperature 
(which can be better described as a decrease in 
the intensity of both maxima and an increase in 
intensity between them) was correspondingly 
interpreted as due to the decrease in association. 
This interpretation was substantiated by the 
fact that the addition of salts, which should also 
break up association, had the same effect. 
Stewart, suggesting that “‘cybotaxis’’ should re- 
place ‘‘association,” explained the bands by 
postulating the existence of rough “planes,” 
pointing out that the two strongest lines in the 
picture of powdered ice were not far from 


7E. Amaldi, Phys. Zeits. 32, 914 (1931). 


8 W. H. Keesom, Physica 2, 718 (1922). 
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the first two bands in the picture of water. The 
change in the photograph which occurs with rise 
in temperature he correspondingly explained as 
follows: ‘‘With temperature increase, the nature 
of the group changes, one set of planes becoming 
more poorly defined because of more slippage 
and less orderly arrangement. The alteration in 
grouping is also shown by the decrease in dis- 
tance between planes.’’® This last sentence refers 
to the anomalous outward movement of the first 
band with rise in temperature. 

There is, finally, the paper by Bernal and 
Fowler!® which appeared about the time the 
present calculations were begun. As a starting 
point, they use the formula given by Zernike and 
Prins" for coherent x-ray scattering by an 
atomic liquid: 


fo 0] 


I(x)= KPF()| 1 +uf 4nr*[ p(r)—1] 


0 


X (sin xr, anar| (1) 


where r is the distance, in Angstroms, from the 
center of an atom. 

p(r) is the average density of atomic 
centers at distance r from the center of 
an atom. It is in arbitrary units; p=1 
corresponds to the average density 
throughout the liquid. 

pu is the reciprocal of the atomic volume of 
the liquid, in atoms per cubic Angstrom. 

x= (4m sin 6)/d, where \ is the wave-length 
of the x-rays, in Angstroms, and 6 is 
half the scattering angle. 

F(x) is the atomic scattering factor for the 
given value of x. 

I(x) is the contribution of the coherently 
scattered radiation to the total intensity 
for the given value of x. 

P is the polarization factor (1+-cos? 26) /2 
when unpolarized x-rays are used, or 
(1+0.723 cos? 20)/2 when using Cu Ka 
x-rays reflected from a rocksalt crystal. 

K is a constant. 


®G. W. Stewart, Phys. Rev. 35, 1426 (1930). 

10]. D. Bernal and R. H. Fowler, J. Chem. Phys. 1, 
515 (1933). The author wishes to acknowledge the influence 
of this paper in the following discussion. 

( 927) Zernike and J. A. Prins, Zeits. f. Physik 41, 184 
1 Aq 
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By postulating a water structure somewhat 
analogous to the structure of quartz, and 
modified by some close packing, they synthesized 
a density function p(r) which led, using this 
formula, to an intensity distribution curve re- 
sembling that of Fig. 3 except that the second 
maximum was much too weak. It may be 
pointed out that an examination of the density 
functions (p. 520 of their article) by which they 
represent the ‘‘quartz-like’’ structure and the 
“close packed”’ structure shows a great deal of 
arbitrariness in the selection of these functions. 
It is felt, therefore, that their choice of wording 
was perhaps unfortunate in its emphasis of the 
analogy to the crystalline structures. 

The calculations to be presented here are 
more direct. Zernike and Prins! showed that, 
by a simple application of the Fourier integral 
theorem, the above equation could be solved 
for p(r): 


sin rx 


1 cD 
ff x? E(x) -—1]———dx, (2) 
0 C 


2ur? rx 





Le(r)-1]= 


where 
E(x)=I(x)/KPF?(x). 


The absolute value of J is not known in these 
experiments. E, however, is determined by 
placing it equal to unity for large values of x, 
since the value of the integral in (1) approaches 
zero with increasing x. Debye and Menke” 
have already applied this formula to obtain the 
p-function for liquid mercury and liquid gallium. 
Amaldi’ actually tried it for water but, upon 
getting a geometrically impossible p-function, 
concluded that there is too much “relative 
orientation’ of the molecules in water for the 
method to be applicable. 


Sources of inaccuracy 


There are, indeed, several reasons why it is 
much more difficult to apply in the case of water 
than in the case of mercury or of gallium, the 
trouble lying in the accurate determination of 
the E-function. To begin with, the contribution 
of the incoherently scattered radiation to the 
total intensity is far more important in the case 
of a light compound like water than in the case 


12 P, Debye and H. Menke, Phys. Zeits. 31, 797 (1930); 
H. Menke, Phys. Zeits. 33, 593 (1932). 
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of these heavy metals. Thus, for water, the in- 
coherent scattering is about half the total at 
about x=5. There is, in addition, the fact that 
the F-curves for the lighter elements fall off so 
rapidly with x that small inaccuracies in the /- 
curve are much magnified in the E-curve. It 
might be pointed out further, in this connection, 
that the F-curves are less accurately known for 
the light elements than for the heavy ones. 
There is also the fact that the experimental 
intensity curve extends to only a finite value 
of x whereas the integral must be extended to 
infinity. Meyer used molybdenum radiation in 
addition to copper radiation, making available 
for these calculations a part of the curve some- 
what past that shown in the figure. The re- 
mainder of the curve must be considered, for 
the purpose of these calculations, to be flat. 
There is, finally, the difficulty to which Amaldi 
referred, namely, that in using the factor Fy,o it 
is assumed that the liquid consists of H,O units 
in which the electron distribution has spherical 
symmetry. Accordingly, the formula is not so 
correctly applicable in the case of water as in the 
cases which Menke investigated. Nevertheless, 
it is felt that the lack of rigor introduced by 
this is not more important than the practically 
unavoidable difficulties mentioned above. For, 
firstly, if the structure of water resembles that 
described in the work of Stewart, Bernal and 
Fowler, or the present writer, the structural unit 
may be considered, in place of a bent HO mole- 
cule, as an oxygen atom approximately tetra- 
hedrally surrounded by four half-hydrogens, 
the electron distribution of which is much more 
nearly spherical. Moreover, the effect of the dis- 
symmetry due to the hydrogens would be small 
except at small angles. 

It would appear, then, that the accuracy of the 
E-curve, as worked out purely from experi- 
mental data, leaves much to be desired. There 
exists, however, an important criterion for the 
correctness of an E-curve, namely, that the p- 
function calculated from it must be zero for 
all values of r less than the atomic diameter. 
The problem, accordingly, consists of finding an 
E-curve which (a) leads to a p-function which is 
approximately zero for r<2.5A, and (b) within 
the limits of uncertainty explained above, corre- 
sponds to the experimental intensity curve. 
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Fic. 4. E-curves for water at 3° (full line) and at 90° 
(dotted line). 
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Fic. 5. Coherent and incoherent scattering by water. 
Incoherent scattering calculated for \=1.54A. 


Fig. 4 shows the curve adopted. It fulfills the 
first condition quite satisfactorily—p does not 
differ from zero by more than 0.25 near r=0.5A 
and by more than 0.05 near r=2A. This is 
approximately the tolerance allowed in Menke’s 
work also. Concerning the second, it corresponds 
to Fig. 3 when using the curves for incoherent 
and coherent scattering shown in Fig. 5. The 
curve for incoherent scattering was calculated by 
applying the modified Wentzel formula™ to the 
f-values for H and O given by James and 
Brindley.“ The curve for F?y,o is almost exactly 
the same as that of James and Brindley for O=. 
We have, of course, no way of proving that 
the curve which was adopted is the correct one, 
or the only possible one; it seemed, however, 
during the course of the trials which led to it, 
that any curve which satisfies the two conditions 
13E. O. Wollan, Rev. Mod. Phys. 4, 206 (1932). 


14R. W. James and G. W. Brindley, Phil. Mag. 12, 81 
(1931). 
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stated above must differ but slightly from the 
curve adopted. 


TECHNIQUE OF THE CALCULATIONS 


The integrations were performed graphically, 
using a thin graph paper. A set of sin rx/rx 
curves was prepared, each on a separate sheet, 
for values of 7 differing by 0.2A. On another 
sheet was constructed the x[E(x)—1] curve. 
By placing one sheet on the other, with a third 
sheet above, taking care to have the rulings co- 
incide, and placing upon a glass plate illuminated 
from below, corresponding ordinates of the two 
curves could be readily picked out and their 
products plotted directly on the upper sheet. 
The area under this third curve is proportional 
to the desired integral. Where a harmonic 
analyzer is available, the work can be performed 
in much less time and with much less tedium. 


THE STRUCTURE OF WATER 


The p-function for water at 3°, calculated in 
the manner described above, is plotted in Fig. 6. 
The first peak occurs at about r=2.9A and the 
following maximum is at r=4.5A. The first 
two minima are at r=3.4A and at r=5.7A. 
The value of f42r’p(r)dr extended under the 
first peak (as far as 3.4A) corresponds very 
nearly to four units; i.e., each oxygen atom has, 
on the average, about four nearest neighboring 
oxygens. 

It is, of course, to be realized, in seeking to 
visualize a structure of water which is in agree- 
ment with the p-curve, that the information 
given by the curve is of a rather indefinite 
nature. For example, it does not tell whether 
every oxygen has four nearest neighbors, or 
whether some have three while others have 
five, nor does it tell the relative orientations of 
these oxygens. It is apparent, however, that it is 
possible to describe in a rough way a simple and 
reasonable structure which seems in agreement 
with the curve. For if, in water, each oxygen is 
surrounded by four others, not in a tridymite- 
like (tetrahedral), or quartz-like, or, indeed, in 
any very regular manner, the corresponding p- 
curve would have the characteristics of that 
which has been calculated, and the density of 
water would be very close to that which is ob- 
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Fic. 6. p-curves for water at 3° (full line) and at 90° 


(dotted line). 
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Fic. 7. Bernal and Fowler’s p-curve for water at 3°. 


served. (Fig. 7 shows approximately the p- 
curve of Bernal and Fowler. There is only a 
suggestion in the present results of the strong 
maximum at r=4A which is due to their postu- 
lated quartz-like structure.) 

What has been described here is, in the most 
general terms, merely a broken down ice struc- 
ture. In ice it appears that each oxygen is tetra- 
hedrally surrounded by four others, with the 
hydrogens on or near the center lines between 
adjacent pairs of oxygens.” If water had a 
structure in which each oxygen were tetra- 
hedrally surrounded by four equidistant hydro- 
gens and each hydrogen were on the center line 
between a pair of oxygens, but in which there 
were otherwise random orientation about the 
hydrogen bonds (comparable to vitreous silica), 
the p-curve would have a very strong peak at 
r=4.5A and would be very low in the region 


15 Peculiarities in the crystallography of ice and in the 
dielectric properties are probably to be ascribed to the 
anomalous properties of the hydrogen bond between 
oxygens rather than to an essential error in this picture. 
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between the two peaks. Now, although the p- 
curve has a maximum at r=4.5A, it is not nearly 
so sharp nor so strong as it would be for the above 
case, and between the two peaks it has only a 
narrow minimum instead of being nearly zero 
over the whole range. The most obvious modifica- 
tion of the above picture in order to account for 
the differences in the p-curve and also to account 
for the density is to suppose that the O-H-O 
angle is not necessarily 180° but can have any 
value between 180° and, say, 150°. (Or, since 
the scattering of x-rays by hydrogen is neglected, 
an equivalent supposition is that the H-O-H 
angles are now no longer the tetrahedral angle 
(109.5°). Both effects probably exist.) 

In this development, for simplicity of the 
visualization, the hydrogens were considered as 
equally held between pairs of oxygens. If, as 
seems more nearly true, definite H,O units 
exist, the description must be given as follows: 
The molecule may be considered as a tetra- 
hedron, the oxygens being at the center, positive 
charges (hydrogens) at two of the vertices, and 
concentrations of negative charge (electrons) at 
the other two vertices.!° Then the liquid is 
considered to have a continuous structure, in 
which each hydrogen of a molecule is in close 
proximity to one of the concentrations of nega- 
tive charge in another molecule, while, except 
for this, there is no very distinctive relative 
orientation of the molecules. 

A p-function corresponding to the x-ray photo- 
graph of hot water (90°) was separately worked 
out (Fig. 6). The essential difference between it 
and the one for cold water is that the outer de- 
tails are about half as pronounced. The size of 
the first peak is not noticeably different. Thus, 
the predominating feature of the arrangement at 
90° is still the four-coordination, although the 
randomness is otherwise greater than at 3°. 

The decrease in the density of water on 
approaching the freezing point may be due to 
some peculiar arrangement which exists to too 
small an extent to show on the photographs. 
It seems more reasonable, however, to suppose 
that it is due merely to the increasing tendency 
for the O-H-O angles to approach 180° as the 
heat motion becomes less violent. 

It is of some interest to inquire whether the 
p-curves of Fig. 6 and the above interpretations 


16 LL. R. Maxwell, Phys. Rev. 44, 73 (1933). 





support, or are compatible with the theory of 
cybotaxis. The question would appear difficult 
to answer in view of the difficulty in constructing 
and examining three-dimensional models which 
would correspond to the curves. To the present 
author, however, it appears likely, in view of the 
lack of sharpness of the maxima and minima in 
the p-curves beyond the first, that cybotactic 
planes can have no very clear existence in the 
arrangement. It is believed that there is little, 
if any, distinct periodicity, and, in any case, it 
should be considered as incidental; the charac- 
teristic of the structure which is mainly to be 
stressed is the relative arrangement of nearest 
neighbors. 


StuDY OF n-HEPTANE AND 71-DECANE 


Photographs were taken of normal heptane at 
— 50° and at 80°. A comparison of the intensity 
curves (Fig. 8) illustrates the typical temperature 
effects—inward displacement and broadening of 
the strong band and increase in intensity at 
small angles. The first band is well known, 
appearing in nearly the same position for all 
the liquid normal paraffins and higher alcohols. 
The two outer maxima, at s= 0.46 and at s=0.81 
had not been observed before for n-heptane, so 
it became a matter of great interest to determine 
whether, like the first maximum, these were 
also to be found with the other liquid normal 
paraffins. Accordingly, some m-decane was pro- 
cured and a picture taken, at room temperature, 
the picture turning out to be practically identical 
with that of n-heptane. It appears, however, 
that this observation is not altogether a new one. 
When Stewart reported the x-ray scattering from 
the normal paraffins, he mentioned the appear- 
ance of both of these outer bands in the cases 
only of tetradecane and pentadecane, but seemed 
uncertain as to whether the accuracy of the 
experiments warranted their recognition. More 
recently, electron diffraction work'® has shown 
that these two outer maxima also occur in the 
pictures of various oils. 

The first band has already been thoroughly 
discussed in the literature. It is characteristic 
of closely packed parallel hydrocarbon chains. 
Concerning the third maximum, at s=0.81, 
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Fic. 8. Intensity curves for n-heptane at —50° (full 
line) and at 65° (dotted line). Corrected for absorption 
and polarization. 
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Fic. 9. Calculated E-curves for gaseous C\4Ho (full line) 
and C;Hj2 (dotted line). 


Stewart has noticed that the corresponding 
interplanar distance, as calculated from Bragg’s 
law, is about equal to the periodicity of the 
carbon atoms in the direction of the hydro- 
carbon chain axis, so he has correspondingly 
suggested that the molecules are arranged in 
such a manner as to form planes of carbon atoms 
perpendicular to the direction of the molecule 
axis. 

There is, however, a matter of great im- 
portance not mentioned in the above, namely, 
that the two outer maxima are in the same 
positions as the maxima observed by Wierl!? in 
his electron diffraction pictures of gaseous normal 
paraffins. Wierl took pictures only of m-pentane 
and n-hexane, but it is apparent from the theory 
of x-ray scattering by gases that the higher 
ones would have the same characteristics. (Fig. 9 


17 R, Wierl, Ann. d. Physik 8, 521 (1930). 
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shows calculated E-curves for plane zigzag 
chains of five and fourteen carbons, where the 
C-C distance is 1.54A and the angles are 109.5°; 
the two curves are almost identical.) In fact, 
these maxima would appear whenever we have 
molecules consisting largely of lengths of satu- 
rated hydrocarbon chains, as in the case of the 
oils which Maxwell investigated. This recalls 
Debye’s conclusions that only the inner bands 
are to be ascribed to intermolecular arrangement, 
while the outer details are the same as those of 
the gas.'§ Accordingly, the facts would seem to 
suggest that, except for the parallel orientation 
of the molecules, there is extensive disarrange- 
ment in the liquid. The recent calculations of 
Warren are fully in accord with this view.'® 


StuDY OF BENZENE 


Photographs of benzene were taken at 8° and 
at 65°. The typical temperature effect is again 
apparent in the comparison of the two intensity 
curves (Fig. 10). All of the bands in the benzene 
picture have been observed before without the 
use of a crystal monochromator, although not 
all, apparently, by any one observer. 

There is in the literature some discussion of the 
benzene picture. Stewart?® supposes that in 
liquid benzene the structure is characterized by 
the parallel orientation of flat benzene rings, 
and the distance between the rough planes so 
formed is given, using Bragg’s law, by the 
position of the first, strong band. This gives 
the interplanar distance, or the thickness of the 
ring, as 4.7A. Katz?! is more concerned with 
the weak band just outside the strong one and 
calculates from it, also assuming parallel orienta- 
tion of the rings, the thickness of the rings to be 
about 3.6A. The first band is, then, to be 
explained by using Keesom’s equation, assuming 
that the packing is mainly a random one. 
Eastman” has been tempted to compare the x- 
ray picture of the powdered solid with that of 
the liquid. The agreement is not good. The 


18 P. Debye, M. I. T. J. Math. and Physics 4 (1925). 

19B. E. Warren, Phys. Rev. 44, 969 (1933). In fact, 
from the point of view of his calculations, had he not 
neglected the inner details when subtracting the 471’ 
curve from the g-curve (p. 971 of his article) he would 
have been in position to predict the two outer bands. 

20G. W. Stewart, Phys. Rev. 33, 889 (1929). 

21]. R. Katz, Zeits. f. angew. Chemie 41, 329 (1929). 

22 E. D. Eastman, J. Am. Chem. Soc. 46, 917 (1924). 
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Fic. 10. intensity curves for benzene at 8° (full line) 
and at 65° (dotted line). Corrected for absorption and 
polarization. 





Fic. 11. The unit cell of benzene (orthorhombic); 
a=7.44A, b=9.65A, c=6.81A. The hatched molecules are 
half the b distance below the plane of the others. 


position of the strong band in the liquid picture 
differs from that of the strongest powder line by 
about five percent, the powder line corresponding 
to the Jarger spacing, whereas the implied loose- 
ness of the liquid structure should require the 
opposite. There is no striking resemblance at 
all between the remainders of the photographs. 
The calculation of the p-function from the x- 
ray diffraction photograph by means of Eq. (2) 
is subject to the same difficulties which were 
discussed for the case of water and which, in 
fact, enter here to an even greater extent. It was 
accordingly thought more desirable to proceed 
from the opposite direction; i.e., by hypothe- 
sizing that the influences which determine the 
crystal structure still exist in the liquid ex- 
tensively enough to determine roughly the 
relative arrangement of adjacent molecules (the 
idea here being similar to that with water), to 
Prepare a p-function and see if it led, by Eq. (1) 
to an E-curve in agreement with the experi- 
mental curve. In Fig. 11 is shown the unit cell 
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Fic. 12. p-curve for benzene. 
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Fic. 13. E-curve for benzene as calculated from the 


p-curve of Fig. 12. 


of crystalline benzene, as determined by Cox.” 
It is admittedly not in thorough agreement with 
the observed intensities of reflections and, in 
addition, suffers from the defect common to 
many organic crystal structure determinations, 
that the positions of the hydrogens, which are 
of major importance in the molecular arrange- 
ment, are mainly to be inferred from the positions 
of the carbons. An examination of this structure 
shows that carbon atoms like ‘‘A” have six 
neighbors at a distance of 3.85A, four at 4.10A, 
and four at 4.35A, while atoms like ““B’’ have 
four at 3.85A, four at 3.95A, two at 4.20A, and 
two at 4.35A. The prominence of C-—C distances 
of about 3.9A is very striking. Without proposing 
a detailed theory of the liquid structure, one 
may suppose that the crystal forces still exist 
in the liquid extensively enough to preserve this 
prominence of the smallest C—C distance. 

It was remarkable that the first p-curve which 
was tried gave essentially the desired result. 
Fig. 12 shows the finally adopted curve, which 
differs only in minor details from that which was 
first tried. The peak at r=4A corresponds to an 


23 E. G, Cox, Proc. Roy. Soc. Al35, 491 (1932). 


average concentration of about eight atoms at 
this distance. The value of 7 (5.5A) for the 
position of the next peak was taken as the aver- 
age distance between other than adjacent carbons 
of neighboring molecules (adjacent carbons being 
already represented in the first peak). In Fig. 13 
is shown the E-curve which was calculated from 
this, and which corresponds (using James and 
Brindley’s table for Fc) with the experimental 
intensity curve. 


Incidental items of the calculations 


While recognizing that relations between the 
p- and E-curves exist, in a rigorous sense, only 
between their wholes, it became apparent, during 
the calculations with benzene, that the following 
relations between certain of their character- 
istics could be more or less definitely identified: 

(a) The first, strong peak of the E-curve is 
associated mainly with the strong maximum in 
p at r=5.5A, the minimum which follows it, 
and the minimum between r=3A and r=4A. 
A similar sequence of nearly equally spaced 
maxima and minima would be characteristic of 
any liquid having small molecules relatively 
widely separated. This is apparently the founda- 
tion for Keesom’s relation. 

(b) The bulge at the bottom of the first 
strong peak of the intensity curve is due to the 
sharp rise in p at r=4A. It could appear in 
approximately this position whenever there 
exists in the. liquid a predominance of inter- 
atomic distances of about 4A. One can, accord- 
ingly, explain the fact that Katz has observed 
it in the photographs of many simple benzene 
derivatives by suggesting that there is a ten- 
dency for this feature to be preserved in any 
arrangement of benzene rings. 

(c) The two outermost maxima are due to the 
atoms at r= 1.42A, 2.48A, and 2.84A, the inter- 
atomic distances within the molecule itself. The 
second of these maxima is in the same position 
as the one found by Wierl for the gas.!” The first, 
however, is at a slightly larger value of s than 
is the corresponding maximum of the gas picture. 
It became clear, however, during the above 
calculations, that this shift is an effect of the 
remainder of the p-curve; this value of s is not 
so large that the intermolecular arrangement is 
negligible. It may be noticed, however, that in 
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the higher temperature picture, the minimum 
which precedes it is weaker and there is a corre- 
sponding shift of this maximum toward that of 
the gas. 

Rumpf** has also observed the outermost 
maximum, in the same position (although his 
curve shows a much narrower and sharper peak 
than does the one here given). He has calculated 
from its position that the C-—C distance in 
benzene is 1.36A. The question here is mainly 
what F-curve to use. The calculations were re- 
peated, using James and Brindley’s more recent 
curve, which falls off much less rapidly in this 
region than does the curve used by Rumpf, and 
also taking into account the slowly rising curve 
for the incoherent scattering. A distance of 
1.42A was found to be in closest agreement 
with the observed position of the maximum. 


STUDY OF CYCLOHEXANE 


Diffraction photographs were taken of liquid 
cyclohexane at 8° and at 65°. The intensity 
curves are given in Fig. 14. The first band 
seems to be the only one as yet mentioned in the 
literature. Because of its sharpness, the effect 
of the finite width of the jet on its shape was 
investigated. The effect was, however, found to 
be small, the correction being, for the low tem- 
perature picture, an increase in peak intensity 
of about five percent and the same decrease in 
width. The third and fourth maxima are in 
approximately the same positions as those found 
by Wierl in the electron diffraction from the gas. 














_—— + 
_—4--— 
— 
———_ 






































/ 
4 na, 
J \  —— anh 
i = = 
02 0.2 0.6 0.8 1.0 


s=(2 sin@)/A 


Fic. 14. Intensity curves for cyclohexane at 8° (full line) 
and at 65° (dotted line). Corrected for absorption and 
polarization. The ordinate scale for the outer parts of the 
curves is doubled. 


*4E, Rumpf, Ann, d, Physik 9, 704 (1931). 
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The crystal structure of cyclohexane is not 
known. Hassel and Kringstad® have, however, 
shown it to be cubic (a9>=8.41A, four molecules 
in the unit cell) and have shown its space group 
to be probably 7,? or O,'. This is of some 
interest in view of the general belief that the 
liquid structure is characterized by parallel 
orientation of the rings, the thickness of the ring 
being, from the position of the strong band, 
about 5.1A. Since the arrangement cannot be 
of such a type in the crystal, since it is cubic, 
it is very probable that there is no great tendency 
for parallel orientation in the liquid either. 


THE SOLUTION OF CYCLOHEXANE AND 
BENZENE 


Ward” has found that in the x-ray scattering 
from a solution of cyclohexane and benzene, the 
two main peaks for the pure components were 
both present. The simplest explanation, which he 
presented, is that we have here, not a random 
distribution of the two kinds of molecules, but 


25Q. Hassel and H. Kringstad, Tidsskrift f. Kjemi og 
Bergvesen 10, 128 (1930); C. A. 25, 1500 (1931). 
26H. K. Ward, J. Chem. Phys. 2, 153 (1934). 
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an emulsion of one liquid in the other. It may be 
pointed out that, even if we accept an explanation 
of this nature, it is unnecessary to assume the 
existence of aggregates so large that ‘‘emulsion”’ 
is more applicable than “‘association.’’ If we 
should assume the existence in the solution of 
aggregates of only a few (hardly more than ten) 
cyclohexane molecules, arranged as in pure 
cyclohexane, calculations such as have been 
presented in this paper would undoubtedly be in 
accord with the experimental observation. The 
carbon atoms in the interior of the group would 
be surrounded very nearly as in the pure liquid; 
the atoms at the surface of the group would be 
less nearly so surrounded; it appears not at all 
unreasonable to suppose that the average p- 
function for the carbon atoms of such a small 
aggregate would sufficiently resemble the p- 
function for pure cyclohexane to account for the 
appearance of an intensity maximum in approxi- 
mately the same position as the strong band of 
the pure liquid. 

The author acknowledges with pleasure his 
debt of gratitude to Dr. Emil Ott for suggesting 
this work and for his aid during its progress. 
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The Ultraviolet Absorption of Methane 


A. B. F. DUNCAN AND JOHN P. Howe, Department of Chemistry, Brown University 
(Received October 1, 1934) 


The absorption spectrum of methane from 1450A to 850A is found to be entirely continuous 
and all excited states up to the first ionization potential are repulsive. 


HE absorption spectrum of methane in the 
Schumann region was photographed first 

by Leifson! using a small vacuum grating spec- 
trograph and an uncondensed discharge in hy- 
drogen as a continuous source. He found six 
bands at low pressures all below 1558A. Rose,’ 
using the same source and a small prism instru- 


'S. Leifson, Astrophys. J. 63, 87 (1926). 
* A. Rose, Zeits. f. Physik 81, 758 (1933). 





ment, was unable to find these bands, and 
suggested that Leifson’s bands were merely 
gaps in the band spectrum of hydrogen, which 
appears with great intensity in such a source. 
The object of the present work was to photo- 
graph the spectrum under greater dispersion and 
resolving power, using a source which gave a 
true continuum in the region in question and to 
extend the spectrum to shorter wave-lengths, 
below the Schumann region. 





852 A. B. F. DUNCAN AND J. P. HOWE 


EXPERIMENTAL PROCEDURE 


The methane was prepared by the Grignard 
reaction, from purified methyl iodide, especial 
precautions being used to free the gas from 
ether vapor. The methane was fractionated in 
vacuum, the middle fraction only being used. 
It was admitted to the spectrograph from a 
storage bulb through small calibrated volumes. 

The one meter focus glass grating had 125,000 
lines, ruled 30,000 to the inch. The dispersion 
was 8.52A/mm in the first order and the resolv- 
ing power unusually high for a small instrument, 
since care was taken to cover all the ruled surface 
with light. The spectrograph was evacuated with 
a single Cenco Hypervac pump, which proved 
entirely adequate down to about 1000A. Below 
this, absorption by hydrogen diffusing through 
the slit from the discharge became troublesome, 
and below 850A absorption by this gas became 
complete. 

The light source was a condensed discharge 
in hydrogen, used by many workers in this 
region. An 8 mf. condenser, charged to 3000 
volts, was discharged twice a second through a 
one millimeter capillary tube. A strong con- 
tinuum was obtained, with lines of Si, C, O and 
B superimposed. Exposure times were four to 
ten minutes. 


RESULTS 


Exposures were made at methane pressures 
from 0.002 mm up to 1.0 mm. The absorbing 
column was about two meters. At the lowest 
pressure the methane absorption was barely 
perceptible, extending from about 1300 to 1200A. 
As the pressure was increased the absorption 
widened rapidly on the short wave side and 
slowly on the red side. At our highest pressure 
the absorption extended to about 1450A but no 
significance was attached to any of these limits. 
It is quite possible that we could have observed 
absorption up to 1800A (as reported by Leifson 
at atmospheric pressure) by going to still higher 
pressures. 

In no case was any indication of vibrational 
structure in the absorption obtained. With our 


spectrograph, any vibrational structure should 
be clearly resolved, and the rotational structure 
partially resolved or at least indicated. So we 
believe that it may be safely concluded that in 
this region of the spectrum, methane shows only 
true continuous absorption. 

The ionization potential of methane is 14.5— 
15.2 volts*? (855-810A). Most of the continuous 
absorption observed by us cannot thus be due 
to the usual continuum following a Rydberg 
series, but must be due to repulsive electron 
states. Furthermore we must conciude that all 
of these excited states are repulsive up to ioniza- 
tion. 

Without a detailed examination of the wave 
functions for the excited states, we can only 
speculate on the reasons for the instability of 
methane on electronic excitation. According to 
Mulliken, the lack of discrete absorption in 
methane is to be explained by the high value of 
its ionization potential, as compared with that 
of ammonia, which shows discrete absorption 
at considerably longer wave-lengths. It is the 
opinion of the present writers that the value of 
the ionization potential is not so important as 
the value of the lowest excitation potential. This 
is much higher in methane than in ammonia, 
if the absorption at the lowest pressure in each 
case comes from molecules in the n’’=0 level of 
the normal state of the molecule. The larger 
excitation energy required in methane might 
remove an electron (probably an a, electron) 
so far that its bonding power would be entirely 
lost. It would then be impossible to form four 
bonds (without the promotion of one of the 
inner electrons) and dissociation would occur. 

Several examples of continuous ultraviolet 
spectra of molecules having tetrahedral sym- 
metry are known and the phenomenon may be a 
general one. Lead tetramethyl, observed by one 
of us,> carbon tetrachloride! and germane, 
GeH,° are examples. 


3G. Glockler, J. A. C. S. 48, 2021 (1926). 

4R.S. Mulliken, J. Chem. Phys. 1, 501 (1933). 

5 Duncan and Murray, J. Chem. Phys. 2, 636 (1934). 

6 Observations by Mr. H. E. Mahncke in this laboratory. 
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Entropy and the Absolute Rate of Chemical Reactions 


I. The Steric Factor of Bimolecular Associations 


O. K. RIcE AND HAROLD GERSHINOWITZ, Chemical Laboratory, Harvard University 
(Received September 7, 1934) 


The equilibrium constant for a bimolecular association 
may be expressed in terms of the energy change, AE, and 
standard entropy change, AS°, on association. On account 
of the well-known relation between the equilibrium con- 
stant, and the rate constants of the bimolecular association 
and its reverse, the corresponding unimolecular decom- 
position, the values of these rate constants could be de- 
termined separately, if one could divide each of the terms, 
AE and AS*, into two parts, in the proper way. The proper 
method of dividing AE is known; this paper is concerned 
with the division of AS°. Considered from a statistical 


point of view, the entropy of a system depends upon the 
volume in phase space available to the system under 
fixed thermodynamic conditions. The separate rate con- 
stants will depend upon the fraction of the phase space in 
which it is possible for the reaction under consideration to 
take place. Application of this principle leads to an in- 
terpretation of the collision number and the steric factor 
of bimolecular association reactions. The known bi- 
molecular associations have been discussed from this point 
of view. 





INTRODUCTION 


N a recent interesting paper Rodebush' has 

shown that it is possible to get considerable 
information about the kinetics of a reaction from 
the statistical expression that gives the equilib- 
rium constant in terms of the entropies of the 
reacting substances. The rédle that the entropy 
plays in determining the rate of reaction is 
readily appreciated when we remember that the 
antilogarithm of the entropy of a system is pro- 
portional to the volume of the phase space, or 
to the number of stationary states, in which the 
molecules of the system can exist,? and that the 
rate must depend upon the fraction of the states 
in which reaction may occur. Essentially this 
principle has been stated by Rodebush but he 
has not explicitly made-use of it in setting up the 
rate expression for the simplified reaction that 
he considered, the association of two atoms to 
form a diatomic molecule. A more direct applica- 
tion of this fundamental principle turns out to 
be of interest, not only in connection with the 
example which Rodebush has treated, but also 
because it enables one to extend the method and 
apply it to the bimolecular association of poly- 
atomic molecules, which is of more practical 
importance, since we may assume that the ex- 
cess energy may always be taken care of by 
transfer to the internal vibrations, whereas the 


* Rodebush, J. Chem. Phys. 1, 440 (1933). 
_* See Tolman, Statistical Mechanics, pp. 302, 306, Chem. 
Cat. Co., 1927, 


bimolecular association of two atoms is a very 
improbable process, as the presence of a third 
body is required to remove the excess energy.’ 

Only four bimolecular associations have been 
studied experimentally in sufficient detail for 
our purposes: the hydrogenation of ethylene,** 
and the polymerizations of ethylene,*® buta- 
diene,** and isoprene.» One of the character- 
istic features of these associations is the occur- 
rence of a so-called steric factor which gives the 
fraction of the total number of collisions (calcu- 
lated from kinetic theory) that leads to reaction. 
Except in the case of the hydrogenation of ethy- 
lene these steric factors are quite small. A 
complete theory of bimolecular association 
would account for these steric factors. Their 
actual calculation, however, would involve as- 
sumptions as to the mechanism of reaction, 
which in our present state of knowledge would 
necessarily be highly speculative. In the follow- 
ing, therefore, we have adopted a less ambitious 
program and have been content to put forth an 
interpretation of the experimental results, ex- 
cept in the case of the hydrogenation of ethylene 
for which we have proposed a mechanism and 
calculated the absolute rate. 

3See Kassel, Kinetics of Homogeneous Gas Reactions, 
pp. 38, ff., Chem. Cat. Co., 1932. 

4 Pease, J. Am. Chem. Soc. (a) 54, 1876 (1932), (b) 53, 
613 (1931). Pease’s conclusions regarding the ethylene 
polymerization have been questioned by Storch, J. Am. 
Chem. Soc. 56, 374 (1934), who, however, worked in a 
different pressure range. 


5 Vaughan, J. Am. Chem. Soc. (a) 54, 3863 (1932), (b) 
55, 4109 (1933). 
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GENERAL CONSIDERATIONS 


In order to get the expression in the best form 
for our purposes, and in order that there may be 
no misunderstanding as to the meaning of the 
various terms involved, we shall consider the 
derivation from first principles of the equilibrium 
constant for a reaction of the type Mz:+M;9~M, 
where M;, Mz and M; are, in general, polyatomic 
molecules. 

We assume that our system is enclosed in a 
constant volume V, is kept at a temperature T, 
that the number of molecules M, is Ni, and that 
the numbers of uncombined Mz and Mz; are, 
respectively, N2 and N3. We define the entropies 
per molecule, S;, Sz and S;, by expressions of 
the type® S,;=k In (W;/h™), where k is the Boltz- 
mann constant and h Planck’s constant, m; is the 
number of degrees of freedom of the molecule 
M,, and 


Wie [ (der/des) exp [ —(e1—€1)/RT Jdes. (A) 
0 


Here (dw;/de;)de; is the volume in the phase 
space of a single molecule which lies between en- 
ergies €, and e,+de, and €, is the average energy 
per molecule. h-" fo” (dwi/de:) exp (—e:/kT)de 
is the Zustandsumme or partition function of the 
molecule; we assume that we are at such a high 
temperature that the summation can be replaced 
by an integral. (dw;/de,)de,, the total volume of 
its phase space which the molecule can visit if its 
energy be between ¢, and ¢:+de;, is multiplied 
by the relative probability that it be in this en- 
ergy range as compared to the probability that 
it be in an equal range near €,. W; may therefore 
be said in a certain sense to be the total effective 
volume in the phase space of the molecule 1, 
which conforms to the condition that its tempera- 
ture be T (corresponding to é1). 

The total entropies for each of the various 
types of gas which exist in the system are, then, 


6 Our definition of the entropy per molecule is just the 
usual one; it may be shown to be entirely equivalent to 
the upper limit of Eq. (208), p. 109 of Tolman.? (Including 
the lower limit of Tolman’s equation is equivalent to 
subtracting off the part of the entropy due to any multi- 
plicity of the lowest state, which we, of course, do not 
wish to do. Tolman’s equation is given for rotational 
entropy only, but may be readily generalized.) On the 
other hand, our definition of the total entropy differs from 
that ordinarily used in thermodynamics. The relation 
bet ween them is given by S; (thermo) = 5S, (ours)—In N,! 


N;Si, NeS2 and N;S;. But these expressions 
assume that specified individuals of the type 
M: and M; are uncombined and other specified 
individuals are combined. In setting up an ex- 
pression for the whole system we must allow for 
the interchange of molecules, in particular for 
the interchange of combined Mz and M3 with 
each other and with uncombined ones.’ In this 
way we get an expression for the entropy of the 
whole system 


S= N1Si+ N2S2+N3S3 
+k In [(Nit Ne) !(Nit+N3)!/Ni!Ne2!N3!]. 
If we allow Ni, Nz and N3 to vary 
5S= S:6Ni+S25N2+S36N3+(5NitdNe)k 
XIn (Ni+Ne2)+(6Ni+6N5)k In (Ni+N3) 
—6Nik In Ni—6 Nek In No—5N3k In Ns. 


However, on account of the conservation of 
particles, we have 6Ni= —5N2= —6N3. So 


6S= 6Ni(S1—S2—S3) —65Nik In (Ni/N2N3) 
= 6N,[AS—k In (N,/N2N3)]. 


Now if AE is the change of energy on association 
then the entropy change of the thermostat is 
—65N,AE/T. At equilibrium we must have 
5S—5N,AE/T=0, which gives 


Now the equilibrium constant is equal to 
VN,/N2N;3. It is also equal to ke/k1, where k; and 
ke are the rate constants of the unimolecular 
decomposition and bimolecular association, re- 
spectively. Hence 


7In thus assuming that we can distinguish between 
individual molecules of the same kind, we are of course 
using the Boltzmann statistics rather than the Fermi or 
Bose statistics. It is, however, well known that the latter 
types of statistics will give the same results at high temper- 
atures as the Boltzmann. The fact that molecules of the 
same kind are really indistinguishable simply reduces the 
entropy, S, of the whole system by & In [(Mi+N2)!(M; 
+N3)!], (NitNe)! and (Ni+N3)! being the number of 
permutations of all (combined and uncombined) M2 and 
Ms, respectively. At high temperatures, where the energy 
levels are very close together compared with the total 
energy, this amounts simply to a thinning out of the 
number of possible energy levels, which can make no 
difference in the distribution function, nor in any of the 
observable properties of the system. Our calculations come 
to rest ultimately upon the entropy expression for the 
case, Ni + N2=N,+N;=1. At high temperatures the value 
of this expression will obviously be independent of whether 
Boltzmann, Fermi, or Bose statistics are used. 
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k in (ke/k1) =AS+h ln V—AE/T. 


If now we let our volume be unity, and define 
our standard entropy as that for unit volume, 
we may write 


In (ko/R1) = AS°/k — AE/RT. (1) 


This has nearly the same form as the ordinary 
thermodynamic equation, but it must be noted 
that entropy, as we have defined it, has slightly 
different properties than the thermodynamic 
entropy.® Our entropy doubles when the amount 
of gas doubles, the volume remaining the same. 
The thermodynamic entropy doubles when the 
amount of gas is doubled if the pressure remains 
the same. Also our AS refers to a process taking 
place at constant volume while the ordinary 
thermodynamic AS assumes that all the partial 
pressures remain fixed, which accounts for the 
slight difference in form between our equation 
and the usual thermodynamic one used by Rode- 
bush. 

In order to determine the absolute values of 
k; and ke we must be able to separate the right- 
hand side of Eq. (1) into two parts. The first 
term can be so divided by the relation*® 


—AE= €a— Ea’, (2) 


where €, and e€,’ are, respectively, the activation 
energies of the unimolecular decomposition and 
the bimolecular association. We may then write 


ki=A,exp (—€./kT); ko= Azexp (—€a’/RT), (3) 


where the A’s could be determined if we could 
divide the AS° term in a similar unique fashion. 

Before considering how to do this, however, 
it will be well to examine the general formula for 
the entropy of a polyatomic molecule.’ The 
standard entropy S;° (where i=1, 2, or 3) may 
be conveniently expressed in the following form 


S°=kin By +kIn C:+kIn Di+kIn Ej, (A) 


where In B; is the part due to the transla- 
tional motion of the molecule (that is to say, 
B= W/h"t, where nj=3 is the number of 
translational degrees of freedom and W;, is the 





— and O. K. Rice, J. Chem. Phys. 2, 275 
34). 

*This has been discussed by Mayer, Brunauer and 
Mayer, J. Am. Chem. Soc. 55, 37 (1933). 


total volume in the translational part of the 
phase space of the molecule; which conforms 
to the condition that the gas is at temperature 
T), In C; is the part due to rotation, In E; the 
part due to vibration, and D;=piepin, where pi. 
is the degeneracy due to electronic spin and p;,, 
that due to nuclear spin. 

We may calculate B;, C;, and E; by means of 
relations which (neglecting a power of /) are of 
exactly the same form as Eq. (A), except that 
each one deals with its specific part, the transla- 
tional, the rotational, or the vibrational part, of 
the energy and phase space, this being, in fact, 
the usual method for calculating these entropies.'® 
General formulas may be given" for B; and £;. 


B,= (2rem,kT/h?)} (5) 


where ¢ is the base of the natural logarithms, and 
m; is the mass of the molecule. 


In Ex= D0; (hvi,/kT)Lexp (hvi;/kT) —1]“ 
—In [1—exp (—hy;;/kT)]}, (6) 


where the v;; are the frequencies of the mole- 
cule, the summation being taken over all fre- 
quencies. In each specific instance it will be 
necessary to consider the rotational terms sepa- 
rately. However, we shall often find it convenient 
to divide the term C into parts, writing 


C=CI/CNCi/""**-, (7a) 
where 
Ci = a7"(8a5el RT /h?o,”)*'!2, 
Ci" = (82%el "kT /h?o,!”)*""!2, (7b) 
C/"= (8r%el,"kT /h2o;/"") Lert], 
In these equations J,’ or J;’’ or J;’"’ or «++ repre- 


sents the moment of inertia connected with a 
given degree or group of degrees of freedom of 
rotation and J,’>1,;/">J,/"> --+31;/ 41°41" 
+ -*-+ gives the total number of degrees of free- 


dom of rotation; and o;,’, o;’’, o;/’, --+ are the 


symmetry numbers related to the respective 
rotations. 


-» See Tolman, reference 2, p. 109. 

“If V were not unity we would have, instead, B; 
= (2rem:kT/h?)*V. Thus for the entropy of the N; mole- 
cules we would have kN; In [(2memikT/h?)'V]. If now 
to this expression we should add the term —£In N;! 
=—kN; In Ni+kN; Ine=—kN; (In N;—1), in order to 
get the thermodynamic entropy (see reference 6) we would 
arrive at the familiar Sackur-Tetrode expression. (See 
Tolman, reference 2, p, 138,) 
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Let us now return to the question of determin- 
ing A, and A» separately. If we assume as a 
zero approximation that A, does not depend 
upon the properties of MM, and M; and Az» does 
not depend upon the properties of M,, and write, 
provisionally,'” 


A i= (B,C\D, Ey) RT /h 
Ao = (B2C2D2E2B3C3D3E3) RT /h 


(8a) 
(8b) 


and 


we see from Eqs. (3) and (4) that these expres- 
sions are consistent with Eq. (1). The significance 
of (8a) and (8b) becomes evident if we note that 
B,C,D,E, is just equal to the phase-space, di- 
vided by h™, of a single molecule M, confined 
in unit volume, while BoC:D2E2B;C;D3E; is that 
of a single pair of molecules M: and M; con- 
fined in unit volume. They give the probability 
that the system be in a region of the phase space 
equivalent to one single quantum state, divided 
by the characteristic time, h/kT. To say that the 
rates are given by the above expressions is es- 
sentially equivalent to stating that there is only 
one energy distribution which will lead to re- 
action, and that the average time necessary for 
reaction to occur from this distribution is h/kT. 
These provisional values of A; and Ag» will be 
very small; but if these expressions could be 
modified in the proper manner, one could de- 
termine the rate of reaction. The first correction 
will have to do with the time factor; this is in- 
cluded in the discussion of the collision factor, 
in the next section. The other necessary modifi- 
cations could be made, if one could determine in 
what states the molecules actually exist when 
reaction occurs. 

One such modification is easily made, and 
serves to illustrate a principle of which we shall 
make much use. In general we do not expect the 
probability of reaction to be affected by the spin 
degeneracy of the nuclear and electronic states, 
provided, as we shall assume for the cases of 
interest to us here, the spin degenercy does not 
change when the reaction takes place.” In 
other words the number of such states available 


12 We use the symbol = to mean ‘‘equals provisionally.” 

13 The reaction H,—2H is a reaction in which the net 
spin degeneracy does change, and in which our considera- 
tions will not hold. The effect of spin on the steric factor has 
been considered generally by Bates and Rosen (unpub- 
lished work). 
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for the reaction is the same as the total number 
of such states. Therefore we multiply A» by the 
corresponding entropy expression D2.D;. A, 
must, of course, be multiplied by the same thing 
in order that Eq. (1) may continue to be valid. 
But by the assumptions we have made D,= D.D; 
and these three quantities are simply eliminated 
from the rate expressions leaving, 


A i= (BiCyE;) RT /h, 
A 2= (B2C2,E2B3C3E3)— lb T/h. 


(9a) 
(9b) 


We would, of course, have arrived at the same 
result if we had considered A, first and noted 
that both expressions have to be multiplied by 
Dy. 


THE COLLISION FACTOR 


We shall next obtain the collision factor, 
which we define as the number of collisions per 
cc per second at unit concentration (one mole- 
cule per cc). This quantity, which must be an 
important part of A», we shall get by a method 
which we believe brings out the physical prin- 
ciple involved more clearly than that of Rode- 
bush. 

When a diatomic molecule splits into two 
atoms it is easy to trace the fate of each degree 
of freedom. The two rotational and one vibra- 
tional degrees of freedom simply pass over into 
three of translation. To establish a similar cor- 
respondence for the dissociation of a polyatomic 
molecule is more difficult. In general a polyatomic 
molecule has three rotational degrees of freedom 
(neglecting internal rotation), and after dissocia- 
tion each fragment has three degrees of freedom 
of rotation and three degrees of freedom of 
translation. Since the total number of degrees of 
freedom in the system must be conserved these 
six new degrees of freedom must have been 
vibrations in the associated molecule. The chief 
difficulty is encountered in determining which of 
the original degrees of freedom corresponds to a 
particular new one, and of course no exact 
answer is possible on account of the change in 
character of the normal vibrations. However, 
it will usually be reasonable to assume that the 
two rotational degrees of freedom connected with 
the largest moments of inertia of M, (which 
moments we assume, for the sake of simplicity, 
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to be equal, as in the symmetrical top), together 
with one degree of freedom which is concerned 
with the relative vibration of the parts'* which 
are to form M,, are connected with the relative 
translational motion of Mz, and M;. We may 
thus break (9a) and (9b) each into two factors, 


! =(BiCyEy’)RT/h, (10a) 
A2’ = (B2B;) kT /h, (10b) 
in which the degrees of freedom just mentioned 


and those concerned with the translation of the 
center of gravity of the system are included; and 


A,” =(C,"E;")-", (11a) 
Ao!’ = (C2E2C3E3)—|, (11b) 


which include all the rest of the degrees of free- 
dom. We now make the assumption that A,’ 
and A,’’, A,’ and A,”’ are independent and can 
be treated separately. 

We shall now apply to these equations the 
method that was used in the preceding section to 
eliminate D,, D, and D; from Eqs. (8a) and (8b). 
Let us first consider the unimolecular reaction. 
In theories of unimolecular reactions it is usually 
assumed that the probability of dissociation is 
independent of the rotational and translational 
energy of the molecule. This means that all 
rotational and translational states are available 
for reaction. Therefore A,’ should be multiplied 
by B,C,’. As’ must be multiplied by the same 
factors as A,’. We thus get 


Ay’ =(Ey’)'kT/h, 
A,’ = (B,C;'/B2B3)kT/ h. 


It can easily be seen that if the expression for 
A,’ be multiplied by e exp (—Q—k&T/2)/kT it 
gives the number of collisions per unit time 
with energy along the line of centers greater than 
Q, provided that the effective radius of the 
collision is given by 7;’, the distance which come 
into® J;’. Q+kT/2 is the part of the activation 
energy connected with the translational motion, 
since the average energy of all pairs of mole- 


“4 This vibration actually will not be a normal vibration, 
but we make the approximation of treating it as such. The 
considerations of this section can at best have only an 
approximate significance. 

’* Tolman, reference 2, p. 70. 
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cules in collision exceeds the average energy of all 
pairs by" kT /2. The factor, e, that it has been 
necessary to introduce is not included in the 
activation energy and hence it must also be 
multiplied into A,’, giving the final expressions 


Ay =e(Ey') kT /h, (12a) 
Ao! =e(BiCy'/B2Bs)kT/h. (12b) 


Effectively, this imposes a condition on the 
vibration involved in E,’, which also includes 
any correction which may be necessary in the 
time factor h/kT. The nature of the condition 
thus imposed we shall now proceed to investigate. 

Suppose the potential between M, and M; 
(assuming for simplicity that it is a function of 7 
alone) is of the form!’ shown in Fig. 1. The 
potential is supposed to go to infinity at 7,, 
which ties the two molecules together, and which 
converts the continuous part of the spectrum 
into a close spaced set of discrete levels. We 
assume throughout that 7,>r,. We can now 
consider the distribution of energy in this system 
of two molecules. We let K be the asymptotic 
value of the relative kinetic energy of a pair of 
molecules in the continuum.!* The number of 
energy levels lying between K and K+dK will 
be given by! r,,(2u/Kh?)'dK, where yu is the 
reduced mass of Mz and M;. The probability of 
finding a pair of molecules in an energy level 


16 See Gershinowitz and Rice, reference 8, p. 275 (foot- 
note 11). 

17 As far as the considerations of this paragraph go, the 
hump at 7 may be vanishingly small. 

18 We neglect the possibility of leakage through the 
hump, and assume always that K is greater than Q. 

19This is the usual expression, obtained from the 
boundary conditions which are imposed on the wave 
functions. 

































of kinetic energy K is given by the usual ex- 
pression, 


exp [—(Do+K)/kT ]/Xi exp (—#:/kT), 


where Dp is the dissociation energy from the 
lowest vibrational level, and the summation is 
taken over all possible energy levels”® e;. Now if 
a pair of molecules has a relative kinetic energy 
K the relative velocity is (2K/,)', and a time 
equal to 2r,,(2K/)~ will be required for r to 
go from its smallest possible value to r,,, and 
back again. Thus, on the average, the number 7 
of times per unit time that a given pair of 
particles having relative kinetic energy greater 
than Q will pass a given value of the coordinate, 
r, while moving so that 7 is increasing, will be 


I= fg 2M (2K /u)'ro(2u/ Kh?) 
xexp [—(Do+K)/kT ]dK/ >; exp (—#:/kT)= 
(kT'/h) exp [—(Do+Q)/kT]/Liexp (—e:/kT). 


Now we can evaluate approximately the sum in 
the denominator (which is the Zustandsumme) on 
the assumption that when the molecules M2 and 
M; are bound together they behave as a simple 
harmonic oscillator with frequency v;’. We have 


>: exp (—e,;/kT)= [1—exp (—hv,'/kT) } 
=F,’ exp (—eav/kT), 


where gay is the average energy of oscillation. 
This last relation will be understood by reference 
to Eq. (6) if we remember that the average 
energy of the oscillator is given by hv;'[exp (hv1'/ 
kT)—1]}-". Therefore 


n= (kT /h)e(Ey’)+ exp [—(Do+Q—ew+kT)/kT]. 


Since, as may be readily verified, Do +Q+kT is 
the average energy of the pairs of molecules 
whose coordinates, 7, pass a given value, Dp +Q 
—tavy+hkT is the activation energy, provided 7 
may be assumed to give the rate of dissociation 
of the complex M,. The part of the expression 
in front of the exponential is just equal to the 
right-hand side of (12a). It is thus seen that 
the condition, which we have above imposed on 


20 This includes the continuous energy levels, but we 
can assume that they make but a negligible contribution 
to the sum. 
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the vibration, is just that it be allowable to 
assume that 7 gives the rate of decomposition 
of M,, or, in other words, that it is possible to 
calculate the rate of decomposition from the flux 
at equilibrium. 

That the effective collision radius is equal to 
r,’ depends, as we have noted, on the assumption 
that the probability of decomposition is in- 
dependent of the rotational state. Actually, of 
course, this is not strictly true, and the calcu- 
lated value of the collision radius will be corre- 
spondingly altered. A simple calculation, in which 
we make the simplifying assumption that the 
combined pair of molecules Mz, and M; acts 
like a simple diatomic molecule, will illustrate 
how this comes about. If the molecule, M,, isin a 
rotational state defined by the quantum number 
j, it is well known that this results in what is 
effectively an added term to the potential energy, 
equal to «j(j+1)/r’, where «?=827y/h?. Thus 
the minimum at 7,’ is reduced by approximately 
x>j(j7+1)/(n’)?, so that the dissociation energy be- 
comes Dy—x?j(j+1)/(r:’)?. Similarly Q becomes 
QO+«7(j7+1)/rm?. Thus, replacing Q and Dp in 
the expression for 7 by these new quantities, 
we get the following relation between 7; and m 
(where the subscript indicates the rotational 
state): 


i= no EXP [x°7(G+1) { (11)? — 7m} /RT 


Now the probability that the rotational state 
should be the jth is given approximately by 


Pi(r’)/X Pilrs'), 
where 
Py(ry')= (2j-+1) exp [—«2j(G-+1)(r1')-2/RT I. 


The average probability of decomposition from 
any state will be given by 
j=00 j=oo0 j=oo j=oo 

DL iP ilri’)/ LU Pilri')= 00 Pi(rm)/ Le P;(r1’). 
7=0 7=0 7=0 7=0 

As may readily be seen by evaluating the sums 
in the usual manner, this becomes equal to 
nofm’(r1’)~* at high temperatures. To get a more 
exact expression for A,’ than is given by Eq. 
(12a) it is thus necessary to multiply the right- 
hand side of (12a) by 7n2(r:’)-*. Naturally the 
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right-hand side of (12b) must be multiplied 
through by the same quantity, and it is obvious 
that the collision radius 7,’ is thus replaced by 
Ym, Which is certainly a very reasonable result. 
Since, however, 7m will not ordinarily be ex- 
pected to differ greatly from 7,’, it will generally 
be safe to use the latter as an approximation. 


THE STERIC FACTOR 


The steric factor is to be obtained by a con- 
sideration of (11b). To take care of the factors 
E, and E3, we shall assume either (1) that the 
probability that M2 and M; will recombine does 
not depend on their vibrational state, that is, 
that the activation energy is entirely transla- 
tional energy or (2) that a certain localization of 
energy in some particular bond or bonds of either 
M, or M; or both is necessary, but that the 
entropy of those states which can react is the 
same as the entropy of all states.2! This is 
essentially similar to the assumptions of Kassel’s 
theory of unimolecular decompositions,” and our 
recent work® makes it appear very probable 
that this assumption is approximately correct, 
especially if the localization of energy does not 
affect the frequencies of the molecule. Thus we 
multiply A»’’ through by E2E3. 

There seem, however, to be grounds for the 
belief that not all rotational states of Mz, and M; 
are equally available for association. (Do not 
confuse with the statement of the last section 
that all rotational states of M, are equally 
available for dissociation.) A comparison of the 
experimental data with the numerical values of 
the entropy shows that the steric factors are 
of the order of magnitude that would be expected 


*1 The reasonableness of this assumption is evident from 
the following considerations. If we consider a simple 
harmonic oscillator molecule and arbitrarily say that 
every molecule whose vibrational energy is greater than a 
certain amount shall be considered one of a new species, 
then the vibrational entropy calculated for this new species 
is the same as that for all the molecules. Localization of 
the vibrational energy of the molecule is very much like 
the excitation of a single mode of vibrations, provided the 
frequencies of the molecule are not changed in the process. 

*2 Kassel, J. Phys. Chem. 32, 1065 (1928). 

_ *3 It is understood when we speak of a “‘rotational state” 
in this manner that it should not be thought of as too 
closely associated with the ordinary rotational leve!s of 
the molecule. We really use the term “rotational state”’ 
as a shorthand expression for a region in the phase space 
which has a certain definite size, namely 4 or some power 
thereof, according to the number of dimensions involved. 


if some of the rotational degrees of freedom are 
more or less ‘‘frozen out” when reaction occurs. 
That is, in order that reaction may take place 
there must be a certain orientation of the mole- 
cules with respect to each other. Therefore, 
instead of multiplying (11b) by (2C; we can 
multiply through only by some of the primed 
factors of these quantities, i.e., those representing 
rotations that have no effect on the probability 
of association. The factors that remain in the 
denominator then give us the steric factor. 
If there were some way of determining which 
rotational degrees of freedom are relevant to 
each reaction we could calculate an absolute 
rate for the reaction that could be compared 
with experiment. There are, however, so little 
data on the mechanism and kinetics of these 
reactions, that rather than adopt particular 
mechanisms we have preferred to develop, on the 
basis of the above considerations regarding 
the degrees of freedom involved in the reaction, a 
new method of handling the experimental data. 

First we set up a collision factor as in Eq. (12). 
We then divide the experimental absolute rate 
by this collision factor to get what we may call 
an experimental A,’’. Next we set up an ex- 
pression of the form [~—}(8x*eZkT/h?) |-"/?, in 
which we have neglected the symmetry factors. 
For J we use the geometric mean of the estimated 
moments of inertia of the associating molecules. 
The factor of 7~ is introduced as a compromise, 
since we do not know which degrees of freedom 
are frozen out and cannot tell whether they 
should have the factor of 7 such as appears in 
C;’ of Eq. (7b). We can then determine 1 so 
the expression will best reproduce the experi- 
mental value of A2’’. This value of m will tell us 
approximately how many degrees of freedom of 
rotation must be fixed, or, in other words, how 
stringent are the conditions that must be satisfied 
in order that reaction may take place when the 


24 It is possible that, for reaction to occur, the molecule 
must be more or less twisted out of shape and that some- 
thing equivalent to the fixing of one or more vibrational 
degrees of freedom is also necessary. As already noted, 
we have neglected this entirely. In general the restriction 
of a vibrational degree of freedom would have much less 
effect on the magnitude of the steric factor than the 
fixing of a rotation since the terms in the summation of 
Eq. (6) are relatively small for the frequencies that 
ordinarily occur. 
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TABLE I. 

Reaction Az (expt) Ii’ (est) I (est) A!) A,” n 
Ethylene and Ethylene*» 6.6 X 10718 1.5 x 10-38 0.3 X 10-38¢e) 1.72 10- 3.8 X 1073 7 
Isoprene and Isoprene®» 1.4107” 4X 10-38 1.1 10-3 2.25 X 10-1 6.2 10-3 at 
Butadiene and Butadiene** 6.8 X 10714 2.1X1i0°* 0.6 10738 2.18 x 10719 3.1 xXi0™ 1.9 








(a) These are for the most part rough estimates made with the aid of the structural formulas of the compounds in- 
volved, insofar as these are known, and the figures of Badger, Phys. Rev. 45, 648 (1934). 

(b) Except in the case of ethylene the expression for A»’ in Eq. (12b) has been used as it stands and has not been 
divided by 2, for although the two molecules colliding are the same it is unlikely that they form a symmetrical configura- 


tion on combining. See Rodebush, reference 1, pp. 441, 443. 


(c) Average includes large moments only. In this case, allowance has been made for the symmetry factor and x! 
has been put in place of x} in the expression for calculating n. 


molecules collide. 7 should, of course, always be a 
small number. 

We have applied this procedure to the various 
association reactions that are known (excepting 
the hydrogenation of ethylene which will be 
further considered below), and the results are 
presented in Table I. 

The value of for isoprene is surprisingly low, 
since it is the most complicated molecule and 
we might expect that it would have the most 
stringent conditions with respect to orientation. 
The relative values of the n’s in the table, 
however, agree with the relative magnitudes of 
the steric factors calculated by Vaughan,' using 
kinetic theory collision numbers. We would ex- 
pect that both molecules would have to be 
oriented thus fixing at least one degree of 
freedom for each. If we arbitrarily set n=2 for 
isoprene, we miss the observed rate by a factor 
of about 50, which could be interpreted to mean 
that each degree of freedom would be only 
partly frozen out, so that there would be 
7 (2v50) quantum states in which reaction 
could occur. If the polymerization of isoprene 
results in the creation in the polymer of two 
very low vibrational frequencies, corresponding 
to the two degrees of freedom which are fixed, 
then this would not be unexpected, for in the 
reverse reaction decomposition could occur from 
a number of levels, corresponding to the number 
of low energy states excited. The other rotations 
of the isoprene, which do not have .to be fixed, 
become internal rotations in the molecule, which 
are completely excited, at least in the excited 
state of the polymer which is first formed and 
which conversely, is the state from which decom- 
position takes place. 

In the case of butadiene, where is about 2, 


the evidence seems to indicate that a dicyclic, 
and, hence, rather stiff structure is formed, and 
the structure of the polymer seems to be not 
too closely related to the structure of the 
butadiene. Thus one might expect that more 
rotations would have to be fixed, and so it 
may very well be that actually a greater number, 
perhaps 3 or 4 degrees of freedom are partially 
frozen out. 

The cases discussed illustrate what can be 
done with the approach to the experimental 
data developed above. We believe that this 
method gives a greater insight into the actual 
mechanism of the reaction than a mere calcu- 
lation of collision frequency and steric factor by 
means of kinetic theory collision diameters. 


THE COMBINATION OF ETHYLENE AND 
HYDROGEN”® 


This reaction needs special treatment, since 
the relation between the degrees of freedom 
before and after combination is more compli- 
cated than assumed above. Ethane has 3 transla- 
tional degrees of freedom, 4 rotational (one due 
to the free rotation of the methyl group), and 
17 vibrational. The hydrogen and ethylene 
between them have 6 translational degrees of 
freedom, 5 rotational, and 13 vibrational. It is 
obvious that 3 of the rotational degrees of 
freedom of the ethane correspond directly to the 
3 rotational degrees of freedom of ethylene, 
while the degree of freedom corresponding to 


*5 We assume in this discussion that the hydrogen 
molecule comes off in one step from the ethane, and that 
no chain, such as suggested by F. O. Rice and Herzfeld, 
J. Am. Chem. Soc. 56, 284 (1934) is involved. If there is 
such a chain, then, of course, all the separate steps in the 
chain will need separate treatment. 
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the free rotation of the methyl groups pre- 
sumably goes over into a transverse vibration of 
the ethylene. Thus, in the unimolecular re- 
action we must have 6 vibrational degrees of 
freedom of the ethane going over into 3 of 
relative translation, 2 of rotation of the hydrogen, 
and 1 of vibration of the hydrogen. We thus 
separate off these degrees of freedom, together 
with the rest of the translation and write: 


Aj’ =(BiEy’)“kT/h, (13a) 
Ao’ = (B2B3C3E3) kT /h, (13b) 


where subscripts 1, 2 and 3 refer to ethane, 
ethylene, and hydrogen respectively, E,’ being 
the term for the 6 vibrations of the ethane which 
are concerned. 

Now if we can assume that the vibration and 
rotations of the ethylene have no effect on the 
reaction, then the proper evaluation of A,’ will 
actually give us A» and so the rate of recombina- 
tion of ethylene and hydrogen. 

The vibrations of ethane included in E;’ may 
be thought of as belonging to the two hydrogens 
which are going to leave the ethane, though 
this can only be approximate, as such vibrations 
would not be normal vibrations. It is obvious 
that before the reaction occurs the forces holding 
these hydrogen to the rest of the structure will 
have become very much weakened. Thus we will 
not be able to take care of them simply by 
multiplying A,’ through by £,’. Rather we 
should think of some intermediate complex, in 
which these two hydrogens have to all intents 
and purposes already formed a hydrogen mole- 
cule, with its characteristic rotations and vibra- 
tions; this hydrogen molecule is, however, still 
held to the ethylene by weak forces. The hydro- 
gen molecule would vibrate with respect to the 
ethylene, and could rotate freely around the 
ethylene, at least about the line of centers of 
the carbon atoms. The hydrogen molecule would 
be expected to be about 1A from the line of 
centers of the carbon atoms and the effective 
moment of inertia will be obtained approxi- 
mately by multiplying the mass of a hydrogen 
molecule by the square of this distance, and is 
thus 3.310-° c.g.s. units. Motion along the 
line of centers will probably be more of a vibra- 
tion than a rotation, but it seems reasonable to 
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assume in calculating the entropy that it is 
actually more like a rotation with about the 
same moment of inertia as that given above. 
Assuming now that all of these ‘rotational 
states’’ are equally available for reaction, that to 
take care of the vibration of the hydrogen 
molecule with respect to the ethylene we multiply 
by e, as above, and that the various vibrational 
and rotational states of the hydrogen molecule 
are all equally good for reaction, it is seen that 
we should multiply A,’ and hence A,’ by 
eB,CoC3E3, where 


o= 8 rel kT /h?, (14) 


I) being 3.3 10~-"° c.g.s. units. This gives us, at 
800°K, 


ko= (eB, Co/B2B3)(kT/h) exp (—€q'/kT) 
= 1.66X10- exp (—e.’/kT). (15) 


The experimental value*® is 0.9110-!° exp 
(—eq'/kT). (€2’ has the value 44,750 calories 
per mole.)*? There is, therefore, very close agree- 
ment between experiment and theory, on the 
basis of the assumptions we have made. Had the 
experimental value come out much smaller than 
the theoretical, we would have presumed that 
our assumption that the vibration of the hydro- 
gen molecule in the intermediate complex along 
the line of centers of the carbon atoms was more 
restricted than we supposed, and this would 
have corresponded to a restriction in the direc- 
tion in which the hydrogen molecule could 
leave the ethylene. Any such restriction is 
certainly far less than would correspond to the 
freezing out of one rotational degree of freedom. 
This last observation affords us an insight into 
the relative importance of the various degrees of 
freedom with respect to probability of reaction. 

While in the above we have restricted our- 
selves to a discussion of bimolecular associations, 
we have incidentally obtained an equal amount 
of information about the reverse reactions. In 
future work we shall attempt to discuss some of 
the experimentally known unimolecular reactions 
from this point of view. 


*6 We have recalculated this value from the original 
data of Pease,** since he has made several minor errors in 
the calculation of his results. Our effective collision 
diameter is appreciably different from what he assumes. 

27 Gershinowitz and Rice, reference 8, p. 276. 
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The Theory of the Glass Electrode. II 
Statistical Explanation of the Alkaline Solution Behavior* 


Matcoitm Do te, Department of Chemistry, Northwestern University 
(Received July 11, 1934) 


The application of Gurney’s quantum and statistical mechanical theory of electrochemistry 
to the glass electrode results in an equation for the alkaline solution behavior identical with 
one previously obtained by the author except that the constants of the equation have a more 
reasonable significance. A qualitative explanation of the inability of negative ions to affect the 


glass electrode potentials is also given. 





HE behavior of the glass electrode in alka- 
line solutions has been interpreted in a 
number of different ways by Hughes, Horovitz, 
Lengyel, Michaelis, Quittner, MacInnes and 
Belcher, Gross and Halpern and the author,! 
but as yet no physically satisfactory picture of 
the glass electrode has been presented. The first 
quantitative treatment of the glass electrode 
was that of the author? who applied liquid junc- 
tion theory equations to the glass electrode and 
obtained the following equation 





RT (Una/Uy)CNatCy 
,  (t) 


AE=— In 
F 


Cu 


where AE is the error of the glass electrode, 
Una, Up, Cna aNd Cy the mobilities and concentra- 
tions of the sodium and hydrogen ions, respec- 
tively. Eq. (1) agreed with the data provided 
a suitable choice of the constants uy, and uy was 
made; but the assumptions made in the deriva- 
tion of Eq. (1) namely, that the hydrogen ion 
has a mobility 10" times that of any other ion 
and that negative ions have zero mobility in the 
liquid junction could not be defended in any 
reasonable way on the basis of liquid junction 
theory. Statistical mechanics, however, seems to 


* Presented before the Division of Physical and Inorganic 
Chemistry of the American Chemical Society at Chicago, 
September, 1933. 

1See the author’s first paper, J. Am. Chem. Soc. 53, 
4260 (1931) for bibliography up to 1931. More recent 
papers are Buchbick, Zeits. f. physik. Chemie A156, 232 
(1931); MacInnes and Belcher, J. Am. Chem. Soc. 53, 
3315 (1931); S. I. Ssokolov and A. H. Passynsky, Zeits. f. 
physik. Chemie A160, 366 (1932); M. Dole, J. Am. 
Chem. Soc. 54, 3095 (1932); P. Gross and O. Halpern, 
J. Chem. Phys. 2, 136 (1934). 

2M. Dole, J. Am. Chem. Soc. 53, 4260 (1931). 


offer a more satisfactory explanation of the glass 
electrode behavior. Gurney* has developed a 
quantum and statistical mechanical theory of 
electrochemistry which gives a new viewpoint 
with which to picture electrode mechanisms. 
This theory, which will not be described here, 
has been applied by Gurney to resolve the Volta 
potential difference controversy, to derive equa- 
tions for interface and electrode potentials, to 
explain overvoltage and in some unpublished 
work to describe the plating out of alloys. Since 
the plating out of alloys consists in the deposition 
of two kinds of ions, Gurney’s mathematical 
treatment for alloys is particularly applicable 
to the glass electrode where we have in alkaline 
solutions two kinds of ions affecting the ob- 
served e.m.f. The following theoretical treatment 
of the glass electrode is based on Gurney’s 
mathematical theory of the plating out of alloys. 
Because the two mathematical treatments are 
similar, one must not infer that we conceive 
glasses to be similar physically to alloys. In al- 
loys the positive ions maintain fixed positions 
while the negatively charged electrons are mobile 
and carry the electrical current. In glasses on the 
contrary, it is the negative silicate ions that are 
fixed, the electrical conduction being due to the 
positive ions. To apply Gurney’s theory to the 
glass electrode it is only necessary to assume that 
the positive ions in the glass occupy positions of 
equilibrium and that the distribution of ions in 
the different energy levels of these equilibrium 
positions follows the Boltzmann distribution 
law. 


3R. W. Gurney, Proc. Roy. Soc. A136, 378 (1932); 
A134, 137 (1931). 
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THEORY OF THE GLASS ELECTRODE. 


APPLICATION OF GURNEY’S THEORY TO THE 
GLASS ELECTRODE 


The hydrogen electrode function of glass may 
be explained according to statistical mechanics 
by imagining the hydrogen ion making transi- 
tions from its position of equilibrium in the neigh- 
borhood of a water molecule in the solution to a 
position of equilibrium on the surface of the 
glass; this latter position of equilibrium being at 
a level of equal or lower potential energy than 
the level in the solution. While some hydrogen 
ions are depositing on the glass, i.e., making 
d-transitions, other hydrogen ions on the sur- 
face of the glass having high enough energies will 
be dissolving, i.e., making s-transitions. At equi- 
librium the number of s-transitions must equal 
the number of d-transitions, and to obtain an 
equation for the interfacial potential it is only 
necessary to write down the number of s- and 
d-transitions and equate the two quantities. 
Let Uy’? be the energy of the lowest quantum 
level of the hydrogen ion on the glass surface, 
Uy” the energy of the lowest quantum level of 
the hydrogen ion in the aqueous solution, Uy,” 
and Uy,” similar quantities for the sodium ion. 
We shall now suppose that owing to the inter- 
action of neighboring molecules all energies above 
the ground level are possible vibration levels, in 
other words, all values of U between U? and 
infinity are possible. We shall also assume that 
the distribution of the surface ions in their 
vibration levels is given by the Boltzmann law. 

We shall first calculate the number of s-transi- 
tions, or rather the number of s-situations which 
is the number of situations or configurations that 
gives rise to an s-transition. Of the total number 
of surface ions per unit area of the glass, a frac- 
tion 


(1/kT) exp {(Un”—U)/kT}dU (2) 


will have energies between U and U+dU pro- 
viding no interfacial potential exists. If an inter- 
facial potential V does exist, the energy levels 
of the ions on the glass surface will be shifted 
relatively to those of the solution by the amount 
eV where ¢ is the unit positive charge. Taking the 
potential of the electrolyte as the zero of poten- 
tial, expression (2) becomes 


(1/kT) exp {(Un%+eV—U)/kT}dU. (3) 
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The number of s-situations will also be propor- 
tional to N,,, the number of water molecules in 
contact with unit area of surface, 


(N,,/kT) exp {(Un%+eV—U)/kT}dU. (4) 


However, part of the surface may be covered by 
sodium ions; this has the effect of diminishing 
the number of s-situations for the hydrogen ion. 
If we let y represent the fraction of unit surface 
covered by hydrogen ions the number of s-situa- 
tions now is 


(Sa) 


Similarly, the number of s-situations for the 
sodium ions is 


v(Nu/kT) exp {(Un?+eV—U)/kT}dU. 


(1—y)(Nw/kT) exp { (Usa +eV 


—U)/kT}dU. (5b) 
Up to this point we have assumed that the 
sodium and hydrogen ions can occupy the same 
number of lattice points on the surface of the 
glass; that is, we have assumed that a sodium 
ion can occupy any point occupied by a hydrogen 
ion and vice versa. But it is unnecessary to make 
this assumption. Let a@ equal the number of 
lattice points per unit surface which the hydro- 
gen ion can occupy, then ay is the fraction of 
total possible lattice points occupied by hydro- 
gen ions. The number of lattice points not 
occupied by hydrogen ions is equal to a— ya and 
of these we shall suppose that the sodium ions 
can occupy a fraction 6; (a—~ya)é being the 
actual number of lattice points per unit surface 
occupied by the sodium ion. The quantity 6 
is independent of the concentration of the solu- 
tion, but y varies with the concentration. Eqs. 
(5a) and (5b) now become 


ay(Nw/kT) exp {(Ug*%+eV—U)/kT}dU, (6a) 
and (a—-ya)6(Nw/kT) exp {(Unxa®+eV 
—U)/kT}dU. (6b) 


The number of d-situations depends upon the 
number of ions in the solution Ny or Nya, upon 
the energy of the ions and upon the number of 
lattice points on the glass surface that the ions 
can occupy; thus for the hydrogen and sodium 
ions we have 
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a(Ny/kT) exp {(Ug"—U)/kT}dU (7a) 
and a6(Ny/kT) exp {(Una%—U)/kT}dU. (7b) 


It will be noticed that this treatment assumes 
that an ion can deposit on any of the possible 
lattice points whether or not the lattice point is 
already occupied. At equilibrium the number of 
s-situations multiplied by the probability of an 
s-transition must be equal to the number of 
d-situations multiplied by the probability of a 
d-transition. If the ratio of the latter probability 
to that of the former be 8, then 


ay(Nw/kT) exp {(Un"%+eV—U)/kT}dU 
=Bya(Nu/kT) exp {(Un%—U)/kT}dU, (8a) 
(a—-ya)5(Nw/RT) exp {(Uya%+eV—U)/kT}dU 
= By.@6(Nya/RT) exp {(Una®*— U)/RT}dU. (8b) 
Letting Qy equal (Uy”*— Uy”) and Qya equal 
(Uxa* — Uxa”) and setting Ny/N, and Ny,/Nw 


equal to cy and cya, respectively, Eqs. (8a) and 
(8b) become 


Y= CnBu exp (Qu—eV)/RT, (9a) 
1 —Y = CraBna exp (Ona —_ V)/k ' (9b) 


The quantity y is easily eliminated from Eqs. 
(9a) and (b) by addition; we obtain 


CuBu exp (Qu —€V)/RT + CyaBna exp (Ona 
—eV)/kT=1. (10) 


If there were no sodium ions present in the 
solution, the potential would depend solely on 
the concentration of hydrogen ions; from Eq. (10) 
we have, on setting cy, equal to zero 


Vo=Qu/e+(RT/e) In cyBy. (11) 


Eq. (11) is the usual hydrogen electrode poten- 
tial equation since By is a factor of the order of 
magnitude of unity. The author originally de- 
fined the error of the glass electrode as being 
equal to V— Vo. This quantity may be obtained 
by dividing Eq. (10) (first putting it in its ex- 
ponential form) by Eq. (11) and rearranging, 
the result being 


V—Vo=(RkT/e) In L(Bxa/Bu)ona exp {(Ona 
—Qu)/kT} +¢y ]/cu. (12) 


It is interesting to compare Eq. (12) with the 
previously derived Eq. (1). They are identical 
except that the constant factor multiplying the 
sodium ion concentration term has a different 
meaning in the two cases. 


RESOLUTION OF THE GLASS ELECTRODE 
PROBLEMS 


This statistical treatment of the glass electrode 
immediately obviates the necessity of making 
any assumptions concerning the mobility of the 
hydrogen and sodium ions. Gurney’s theory also 
provides us with a plausible explanation of the 
negligible effect of negative ions upon the glass 
electrode potentials. According to Zachariasen,' 
glass consists of a network of oxygen tetrahedra 
which surrounds the silicon atoms. The holes 
which necessarily exist in this framework are 
bounded by oxygen atoms or perhaps we should 
say by negative oxygen ions and offer excellent 
positions for positive ions. However, it is obvious 
that large repulsive forces would come into play 
if the attempt is made to introduce negative ions 
into these holes. Negative ions are also generally 
larger than positive ions which is another reason 
why it would be difficult to deposit negative ions 
on the glass surface. If we plot the potential 
energy of a negative ion as a function of distance 
along a line perpendicular to the glass surface, a 
figure similar to Fig. 1 would probably be ob- 
tained. By an inspection of Fig. 1 it is readily 
seen that negative ions in solution cannot make 
transitions to the glass surface because they do 
not have sufficiently high energies. Thus negative 
ions have no effect upon the glass electrode po- 
tentials, not because they have zero mobility, 
but because the energy relationships are not 
favorable. 

From the experimental data it is possible to 
calculate that the order of magnitude of the 
constant which multiplies the concentration of 
the sodium ion in Eq. (1) is 10-", a figure which 
is not easily explained by the liquid junction 
theory.’ This difficulty is fortunately consider- 
ably minimized if not entirely overcome by the 
statistical mechanical theory. Referring to Eq. 


4 W. H. Zachariasen, J. Am. Chem. Soc. 54, 3841 (1932). 

5 Particularly since it is probably the hydrated proton 
and not the proton which moves across the glass-aqueous 
solution boundary. 
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(12) it can be readily seen that the magnitude of 
the constant depends upon the magnitude of the 


term 
exp (Qna—Qu)/hT, (13) 


since Bya/fx is of the order of magnitude of unity. 
Calculation shows that expression (13) has the 
order of magnitude 10-" when Qx is greater than 
Qya by 15,000 calories per mole, an entirely 
plausible result. If experimental values of Qy 
and Qya were known, it would be possible to 
test Eq. (12) quantitatively. 

The final difficulty which is a stumbling block 
in the former liquid junction theory is due to the 
observation that the constant of Eq. (1) varies 
with the pH of the solution. It is hard to see why 
the mobility across the boundary should vary 
with the concentration of the aqueous solution. 
But let us examine the corresponding quantity 
in Eq. (12). Instead of the ratio of the mobilities 
we have the expression (13) whose magnitude is 
quite sensitive to the exponent (Qya—Qq)/kT. 
If the glass were a metal, all ions of one kind on 
the metal surface would have the same value of 
U*, but we would not expect this to be true for 
glass. Glasses in contrast to metals do not melt 
sharply but gradually soften over a range of 
temperature which indicates that ions in the 
glass do not have identical energies. To quote 
Zachariasen, ‘‘Since all atoms in glass are struc- 
turally unequivalent, the energy required to 
detach an atom from the net-work will be differ- 
ent for each individual atom.” In acid solution 
the glass surface will be covered with hydrogen 
ions to the exclusion of sodium ions, but as the 
alkalinity of the solution increases some of the 
hydrogen ions will leave the glass surface; their 
places being taken by sodium ions. In all proba- 
vility the remaining hydrogen ions will not have 
the same value of Uy*’. A small change in Ug’ 


or in Uy,” would be sufficient to produce an 
appreciable change in the constant term of 
Eq. (12). 

It should be emphasized, however, that until 
values of Ug” and Uy,” can be estimated this 
theory cannot be tested quantitatively.® Yet this 
new explanation seems to be much better than 
the former liquid junction theory. 


CRITIQUE OF GROSS AND HALPERN’s THEORY 


Gross and Halpern have recently interpreted 
the author’s experimental data by assuming that 
glass may be treated as a difficultly soluble salt 
which forms with water a saturated solution 
and that the water dissolves in the glass until 
the glass becomes saturated with the water. 
They also assume that the mass action law holds 
for such strong electrolytes as sodium hydroxide 
and sodium acetate both in the water and glass 
phases, that water, glass, acids, bases, etc., dis- 
tribute themselves between the glass and aque- 
ous phases in accordance with the well-known 
distribution law and that the activity coefficients 
of all ions are the same. For alkaline solutions 
their equation reduces to 


AE= (RT/2 F) In (1 +¢na’/Cy"), (14) 


where c’ represents the ionic concentration in 
the glass. By assuming the validity of the distri- 
bution laws mentioned above it is possible to 
rearrange Eq. (14) into the form of Eq. (1) ex- 
cept that the factor RT/F of Eq. (1) is replaced 
by the factor RT/2F. For acid solutions Gross 
and Halpern succeed in deriving an equation 
identical with the acid solution equation pre- 
viously derived by the author’ with the excep- 
tion that once again their equation contains the 
factor RT/2F instead of the author’s factor 
RT/F. Gross and Halpern claim that their equa- 
tions agree with the author’s data better than 
do the author’s equations. Let us consider the 
acid solution data first. Gross and Halpern tested 
their Eq. (12) solely with the errors of the glass 





6 Eq. (12) may be tested quantitatively by measuring 
the temperature coefficient of V— V,.. Since the tempera- 
ture appears in the exponential term multiplying the con- 
stant, the value of the glass electrode error should vary 
definitely with variation of temperature, the magnitude of 
the variation being quantitatively predicted by Eq. (12). 
Measurements of the temperature coefficient of the glass 
electrode are now in progress. 

7™M. Dole, J. Am. Chem. Soc. 54, 3095 (1932). 
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electrode obtained in the ethanol solutions up to 
66 percent ethanol and found slightly better 
agreement with their equation than with the 
author’s. As a matter of fact, the alcohol experi- 
ments were not as accurate as the experiments, 
for example, measuring the error of the glass 
electrode in 4.4N lithium chloride. Over twenty 
measurements of the error of the glass electrode 
in 4.4N lithium chloride were obtained; one 
experiment yielded the following values of AE 
over the pH range 4.600 to 0.308, 5.1, 5.1, 7.4, 
6.5, 9.3, 8.7, 7.6, 7.4, 7.2, 6.9, 7.2, 7.5 mv. From 
these and other data the best value of the error 
in 4.4N lithium chloride was taken as 6.7 mv. 
The error theoretically calculated by the author’s 
equation is 7.0 mv. while Gross and Halpern’s 
equation gives 3.5 mv. Gross and Halpern 
limited the test of their Eq. (12) to solutions 
having a water activity of 0.79 or greater. The 
activity of the water in 4.4N lithium chloride is 
0.77. The experimental data for solutions in 
which the activity of the water is less than 0.77 
also agree better with the author’s equation than 
with the equation of Gross and Halpern. 

Gross and Halpern’s equation for the high pH 
range does not agree with the data as well as the 
author’s unless the slope of the function is fixed 
at unity. This fact is made clear by reference to 
Fig. 2 where Gross and Halpern’s function 
log [(exp 2FAE/RT)—1] and the author’s func- 
tion log [ (exp FAE/RT) —1] are plotted against 
the pH. If one draws a straight line through the 
lowest three points in each case, the values of 
the functions at the higher pH values deviate 
farther from the straight line in the case of Gross 
and Halpern’s function than in the case of the 
author’s. However, if comparison is made with a 
line drawn with unit slope as demanded by for- 
mer theory, dotted line of Fig. 2, it is evident 
that Gross and Halpern’s function is superior, 
yet far from perfect. Fortunately the statistical 
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mechanical theory of the glass electrode does 
not demand a unit slope of the curves of Fig. 2. 

Gross and Halpern’s theory fails to give any 
explanation of the inability of negative ions to 
affect the glass electrode. Our new theory is 
decidedly superior in this respect.*® 

In conclusion the author wishes to acknowl- 
edge the kindness of Dr. R. W. Gurney in 
making available his unpublished treatment of 
the plating out of alloys and in discussing with 
the author the problems of the glass electrode. 


8 An interesting paper by Lengyel and Blum has recently 
appeared (Trans. Faraday Soc. 30, 461 (1934)). They point 
out the significant relation between glass electrode behavior 
and composition of the glass. The ability of the glass 
electrode to act as a sodium electrode for certain types of 
glasses may be explained on the basis of our statistical 
theory by assuming that Qq—Qwna has a negative or very 
small positive value. The Q values of this paper are not, 
however, the same as the Q values calculated by Lengyel 
and Blum. The latter represent the ‘‘heat of liberation” 
of the sodium ion in the glass whereas the author’s Q 
values may be considered as being the difference between 
“the heat of liberation’”’ in the aqueous solution and on 
the glass surface. 








DECEMBER, 1934 


JOURNAL OF CHEMICAL PHYSICS 


VOLUME 2 


A Study of the Methods of Interpretation of Electron-Diffraction Photographs of Gas 
Molecules, with Results for Benzene and Carbon Tetrachloride 


Linus PAULING AND L. O. Brockway, Gates Chemical Laboratory, California Institute of Technology 


(Received September 17, 1934) 


The reliability and accuracy of the visual method of 
interpreting electron-diffraction photographs, consisting in 
the correlation of values of (47 sin #/2)/X obtained by 
visual measurement of rings of apparent maximum and 
minimum intensity with x values from a simplified theo- 
retical curve (Eq. (7) or (8)), have been tested in the 
following ways: (a) The measurement and interpretation 
of “artificial electron-diffraction photographs” of bromine; 
(b) the comparison of electron-diffraction and band- 
spectral values of interatomic distances for bromine, 
chlorine and iodine chloride; (c) the study of micro- 
photometer records for benzene, and comparison of results 


HE investigation of the structure of gas 

molecules by the diffraction of electron 
waves was begun by Mark and Wierl! soon after 
the pioneer work of Debye? and co-workers on 
the diffraction of x-rays by gas molecules. The 
method has shown itself to be very useful, 
especially because the large scattering powers of 
atoms for electrons permit the use of very small 
exposure times (of a fraction of a second), and 
several groups of investigators (in the main with 
chemical interests) have entered the field. The 
recently discovered correlations of interatomic 
distances with electronic structure* and with 
force constants of bonds' have increased the 
interest in interatomic-distance measurements, 
and various other considerations, such as those 
regarding the angles between bonds, have empha- 
sized the importance of determining accurately 
the configurations of many molecules. It is 
consequently desirable that the assumptions 
involved in the usual methods of interpretation 
of electron-diffraction photographs of gas mole- 
cules be critically examined, especially since 
these methods have received much unfavorable 
comment. We have carried out such an examina- 
tion, using several independent and (we believe) 


‘(a) H. Mark and R. Wierl, Naturwiss. 18, 205, 778 
1930); (b) R. Wierl, Ann. d. Physik 8, 521 (1931); (c) 
13, 453 (1932). 

> P. Debye, Phys. Zeits. 30, 524 (1929); 31, 142, 348, 
119 (1930); ete. 

*L. Pauling, Proc. Nat. Acad. Sci. 18, 293 (1932). 

'R. M. Badger, J. Chem. Phys. 2, 128 (1934). 


with those of the visual method; (d) the study of micro 
photometer records for carbon tetrachloride, and com- 
parison with the visual method. It is concluded that the 
visual method when carefully applied leads to values of 


interatomic distances accurate to about 1 percent (probable 


error), or to } percent in favorable cases. The regular 


plane hexagon model of the benzene molecule is verified, 
the carbon-carbon distance in the ring being determined as 
1.390+0.005A. The carbon-chlorine distance in the carbon 
tetrachloride molecule is determined as 1.760+0.005A. 
A brief discussion of the methods and results of other 
investigators is given. 


objective checks on the usual method. Our 
results, described in this paper, show that a 
simple method of interpretation (involving the 
visual measurement of diameters of rings of 
apparent maximum and minimum intensity 
and the comparison with simplified theoretical 
curves) leads, when carefully carried out, to the 
determination of molecular configurations with 
a probable error of about 5 or 1 percent in the 
interatomic distances. 

The general character of the following dis- 
cussion of the theory and the correlated method 
of interpreting electron-diffraction photographs 
is determined by the nature of our interests. 
We are primarily concerned with developing a 
reliable method of determining interatomic dis- 
tances which is simple enough to make prac- 
ticable its application to a large number of 
compounds. The discussion of the theory in the 
next section indicates in part the arguments 
used by us in fixing on a particular procedure; 
it is not intended to be complete or rigorous. 
An attempt to establish the complete validity 
of the theoretical formulas for electron scattering 
would necessarily include the treatment of the 
incoherent scattering of electrons as well as 
the standardization of the photographic emul- 
sions for electrons over a wide range of inten- 
sities, and the quantitative estimate of that 
part of the background intensity which is due 
to multiple scattering, to x-rays, and especially 
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to electrons scattered by gas in the diffraction 
chamber at points other than the intersection of 
the electron and gas beams. With this treatment 
quantitative agreement between calculated and 
observed intensities might be obtained. It would 
still be necessary, however, to resort to empirical 
tests in order to determine the sensitivity of the 
procedure as a method of finding interatomic 
distances. 

We have chosen the visual treatment (for 
reasons given in the latter part of this paper) 
from among the various simplified procedures 
which are available. In view of the results re- 
ported below we believe that simplicity can be 
combined with accuracy in the use of electron 
diffraction as a method of determining inter- 
atomic distances. 


A. DISCUSSION OF THE VISUAL METHOD OF 
INTERPRETATION 


Electron-diffraction photographs of gas mole- 
cules, obtained by the usual experimental 
methods,® show well-defined rings, making it 
appear that as the scattering angle increases 
the intensity of the scattered beam of electrons 
and the blackening of the photographic film pass 
through successive maximum and minimum 
values. This can be seen from the reproductions 
of Fig. 1, and much more clearly still on the 
original negatives, which may show as many 
as ten well-defined and measurable apparent 
maxima. The maxima and minima are not real, 
however, as was first pointed out by Wierl. 
Microphotometer records of three photographs 
are shown in Figs. 2 and 3. It is seen that the 
blackening of the film falls off monotonically 
from the center, the apparent maxima and 
minima on the photographs corresponding to 
fluctuations in the density about a _ rapidly 
falling background. It is a psychological or 
physiological phenomenon which causes the 
photographs to appear to show maxima and 
minima. 

The character of the diffraction pattern as 
shown by the microphotometer records is in 
agreement with theoretical considerations. De- 
bye® and Wierl' have shown that the intensity 
5 Such as described by Wierl. 

6 P, Debye, Ann. d. Physik 46, 809 (1915). 
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(c) 





(a) 


Fic. 1. Contact prints of electron-diffraction photo- 
graphs. (a) Carbon tetrachloride at 28.7 cm. (b) Carbon 
tetrachloride at 12.19 cm. (The small spot to one side of 
the central image is due to visible light from the filament.) 
(c) Benzene at 12.19 cm. 
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Fic. 3. Microphotometer records of carbon tetrachloride photographs, (A) showing the first, second, and third apparent 


maxima, (B) showing the first five apparent maxima. 


of the coherent electron scattering at the angle 
3 is given by the expression 


I= k- LU viv,(sin Xj) /Xij, (1) 


in which k is a constant, and 
Xi; = 4n1;;((sin 3/2)/X), (2) 


with 1;; the distance between atoms 7 and 7 in 
the molecule and \X the wave-length of the 
electrons. The quantity y; is the scattering 
function of the z’th atom for electrons. It is 
approximated closely by the expression’ 


Z: —f; 
i= > ’ 
((sin 3/2)/r)? 





(3) 


in which Z; represents the atomic number of the 
‘’th atom and f; its scattering factor for x-rays, 
which is essentially a function of (sin #/2)/n. 





_7H. Bethe, Ann. d. Physik 87, 55 (1928); 5, 325 (1930); 
N. F. Mott, Proc. Cambridge Phil. Soc. 25, 304 (1929). 





Reasonably accurate values of f; are known for 
all atoms; in our discussion we have used 
Pauling-Sherman f-values.* Now for convenience 
let us rewrite Eq. (1) as 


I= Tatomiet | wars ry (4) 
Tatomie= RW: (5) 


with 


and 


Tmotecular= RUD’ yi,(sin Xj) / Xi. (6) 


The summations in Eqs. (5) and (6) include all 
the atoms in a molecule, except that in 6 the 
terms 1=j are omitted, as indicated by the 
prime. 

The nature of the scattering functions y; is 
such that Jatomic decreases very rapidly with 
increase in scattering angle #, the increase in 
Z—f not being sufficient to overbalance that in 
sin? 3/2. Consequently the photographs are ex- 


8 L. Pauling and J. Sherman, Z. Krist. 81, 1 (1932). 
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pected to show a very rapidly falling back- 
ground, with fluctuations in the blackening 
about this background in accordance with the 
sin x 





functions of Tl enatevcion 


Hence the correlation of theoretical intensity 
curves and observed blackening of the films 
cannot be made by any such simple objective 
method as comparing maxima and minima on 
the theoretical curves with those on the micro- 
photometer records; to interpret the micropho- 
tometer records some more laborious procedure 
must be adopted, such as quantitative com- 
parison over a wide angular range. In order to 
avoid any such time-consuming method of treat- 
ment as this, Wierl devised a simple expedient 
whereby the theoretical curves are so altered as 
to reproduce approximately the visual appear- 
ance of the photographs, with which they are 
then compared. This consisted in replacing the 
scattering function y; by the atomic number Z,, 
ignoring the term f; and the factor 1/(sin? 3/2). 
The resultant curve then shows maxima and 
minima, which Wierl (and succeeding investi- 
gators) identified with the apparent maxima 
and minima in order to determine the structure 
of the molecule and to evaluate the interatomic 
distances. 

This drastic simplification, which was given 
by Wierl without justification, other than the 
remark that the eye corrects for the effect of 
the factor csc*#/2, can be made to appear 
reasonable by the following argument. 

It is known that the sensitivity of the eye to 
change in stimulus is determined by the magni- 
tude of the total stimulus, a change by a con- 
stant fraction of the total being detectable over 
a wide range of magnitudes of the total stimulus 
(Weber-Fechner law). It is accordingly not un- 
reasonable for us to make the postulate that on 
the electron-diffraction photographs the eye de- 
tects fluctuations about a background to an 
extent determined by the ratio of the fluctuations 
to the background. Moreover, we assume for 
these considerations that the background is the 
function J stomic, Which falls off smoothly with 
increasing scattering angle. The apparent in- 
tensity of scattering we may then express as 
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Tmotecular _ id i; (sin xij) /Xij 
I stemie Div.” , 


A curve showing this function for carbon 
tetrachloride is given in Fig. 4. It is seen on 
comparison with the photographs that this curve 
reproduces closely the appearance of the rings. 
For example, the second, fifth, seventh and 
tenth rings appear on the photographs to be as 
strong as the immediately preceding rings, or 
even somewhat stronger, in agreement with the 
calculated function (this phenomenon arising 
from the reinforcement of the carbon-chlorine 
and chlorine-chlorine terms). The function of 
Eq. (7) does not fall off in value with increasing 
angle quite as rapidly as is indicated by the 
appearance of the photographs, and it might be 
desirable to introduce a factor reducing the in- 
tensity at the rate of twenty or thirty percent 
for each maximum relative to the preceding one. 
We have not done this, however, because of the 
arbitrary character of such a correction; more- 
over, the quantitative comparison of maxima 
and minima would not be changed appreciably 
by this procedure (within about one-tenth of 
one percent). 

We may emphasize the fact that the postulate 
underlying Eq. (7) is more definite than is 
necessary for the visual interpretation of the 
photographs in a satisfactory manner. The simple 
assumption that the eye observes the fluctua- 
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Fic. 4. The complete theoretical curve for carbon tetra- 
chloride (B) and the simplified theoretical curve (A). 
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tions about the smooth background I atomic with 
an apparent intensity lying somewhere between 
the actual intensity of the fluctuations (as given 
by Eq. (6) for Jmotecuiar) and the intensity 
relative to the background (as in Eq. (7)) fixes 
the positions of the maxima and minima to 
within about 0.2 percent, after the first two 
maxima, for which the error is somewhat larger. 
This constancy in position of the maxima and 
minima, despite the fact that the magnitude of 
the fluctuations as given by Eq. (6) falls off from 
the first to the tenth maximum to one-thousandth 
of the value given by Eq. (7), results from the 
fixed position of the zeros of these two limiting 
curves and of all intermediate curves. 

A further simplification*in the calculation, 
leading to Wierl’s treatment, can usually be 
made. If the molecule contains atoms of only 
one kind (Bre, Py, etc.) the terms Z;—f; in 
numerator and denominator of Eq. (7) cancel, 
so that the expression is exactly the same as 
Wierl’s expression 


lS epeet™ 22:2 (sin xij), Lije (8) 
U 2 


except for a constant factor and an additive 
constant, both of which are unimportant in the 
simplified procedure. Moreover, Eq. (7) reduces 
to 8 whenever the ratios (Z;—f;)/Z; are con- 
stant for all atoms in the molecule. These ratios 
are found to be roughly constant for most atoms. 
For example, for (sin #/2)/A=0.4 the ratio has 
the values 0.87 for H, 0.61 to 0.69 for B to F, 
0.46 to 0.51 for Al to Cl, and 0.39 to 0.42 for 
Ga to Br. Hence Eq. (8) can be safely used 
whenever the molecule contains only atoms from 
one row of the periodic table. Indeed, the error 
involved in even the most extreme cases is 
negligible in comparison with the limits of 
error inherent in the method at present, the 
positions of the maxima and minima never being 
shifted by more than a fraction of one percent, 
so that the simple expression (8) can almost 
always be used. 


B. TESTS OF THE VISUAL METHOD OF 
INTERPRETATION 


In order to obtain information as to the 
accuracy and reliability of the visual method 


of interpretation of electron-diffraction photo- 
graphs, involving the evaluation of interatomic 
distances through the quantitative identification 
of maxima and minima of the functions of Eq. 
(7) or (8) with the apparent maxima and minima 
on the photographs, we have carried out an 
extensive series of tests of various kinds. The 
nature of these and the results obtained are dis- 
cussed in the following paragraphs. 

A detailed description of our standard pro- 
cedure is given in Section C. 


I. The measurement of artificial photographs of 
Br. 

To test the fundamental postulate underlying 
the visual method of interpretation (Eq. (7)), 
we first prepared and measured “artificial elec- 
tron-diffraction photographs.’’ (This was done 
at the suggestion of Professor R. M. Badger, 
to whom we wish to express our thanks.) The 
complete intensity curve (neglecting incoherent 
scattering) was calculated for the bromine mole- 
cule, Bre, with the Br-Br distance 2.280A, using 
Eqs. (1) and (3) and Pauling-Sherman f-values. 
The portion of this curve including the region 
from the first maximum to the fourth minimum 
of the (sin x)/x function was then plotted on a 
large scale in polar coordinates (25 cm radius) in 
such a way that the intensity was represented 
by the length of the arc at the radius determined 
by the value of (sin #/2)/\, this portion of the 
arc being blackened. This drawing was then 
photographed on a process plate, to produce a 
mask. By passing light through this mask onto 
a photographic film rotating about its center, 
the film was subjected to the action of light of 
integrated intensity (at different distances from 
the center) represented by the original theoretical 
intensity curve for the bromine molecule, and 
the blackening of the film would correspond to 
this function except for the correction due to 
the characteristics of the emulsion for visible 
light. The resultant artificial electron-diffraction 
photograph was about 6 cm in diameter, corre- 
sponding to a gas-stream-to-film distance of 
about 30 cm for electron wave-length 0.06A. 
The photograph showed two well-defined minima 
and two maxima (the second and third of each), 
and closely resembled real electron-diffraction 
photographs of bromine. 
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At the time these photographs were prepared 
we were interested in the possibility of the 
existence of apparent maxima and minima (on 
visual examination) on photographs in which 
the density falls off monotonically from the 
center. This decrease would remain monotonic 
for any monotonic relation between photo- 
graphic density and intensity of incident light, 
and so it was not necessary for us to correct 
the mask for the characteristics of the emulsion. 
The density of the photographs consequently 
did not reproduce exactly the calculated in- 
tensity curve. It is of interest, however, that 
measurements of the diameters of these apparent 
maxima and minima (which were reproducible 
to within one percent) led on comparison with 
the simple (sin x)/x curve (of Eqs. (7) and (8)) 
to the value Br-Br=2.30A. This value, which is 
one percent larger than the assumed value 2.28A, 
lends support to the method of interpretation. 


II. The comparison of electron-diffraction and 
band-spectral determinations of interatomic 
distances 


A straightforward test of the accuracy of the 
electron-diffraction method can be made by 
comparing interatomic distances determined in 
this way with the values found from the rota- 
tional fine structure of band spectra. We have 
carried out this comparison. for bromine in 
detail, and have made a similar but less thorough 
study of chlorine and iodine chloride. 

The Br-Br internuclear separation in Bre is 
known’ to have the value 2.281A (the average 
for the zeroth vibrational state). We found 
bromine vapor to produce satisfactory electron- 
diffraction photographs, on which (as a rule) 
five well-defined rings appeared. The calibration 
of the apparatus was carried out with gold foil, 
for which the value a,=4.070A for the edge of 
the unit of structure was adopted. Measured 
values of (4msin 3/2)/X for four apparent 
minima and five apparent maxima on one such 
bromine photograph are given in Table I. Each 
value:is the average of three measurements, 
which with few exceptions lay within one-half 


9W. G. Brown, Phys. Rev. 29, 777 (1932). Brown 
reported ro as 2.28A; the value 2.281A is calculated from 
his more accurately reported moments of inertia. 
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TABLE I. Measurement of photograph 375 of Brs. 
4r sin 3/2 
A 
Maximum Minimum x observed Br-Br 
1 laae 3.48 (2.22A) 
2 10.904 4.82 (2.264) 
2. 14.066 6.18 2.279 
3 17.221 7.56 2.278 
3 20.371 8.89 2.292 
4 23.520 10.32 2.279 
4 26.666 11.67 2.287 
5 29.81 12.96 2.302 
5 32.96 14.48 2.278 





Average of seven 2.285A 





percent of their mean. The first minimum could 
not be measured with any accuracy. By com- 
paring these with the values of x for which the 
function (sin x) /x shows its maxima and minima, 
the values given for the Br—Br distance were 
calculated. It is seen that except for the first one 
these values do not differ individually from their 
average by more than 0.02A or one percent. 
We have found through experience that the 
measurements of the innermost rings are not 
very reproducible and are unreliable, the inter- 
atomic distances calculated for them from 
measurements made under standard conditions 
adopted by us showing deviations of several 
percent from the values given by the outer 
rings. For this reason we ordinarily discard 
measurements of the first maximum and second 
minimum. This has been done in taking the 
average in Table I. 

In Table II there are given the averaged 
results for seven photographs, the last three of 


TABLE II. Results of seven Br2 photographs. 











Photo- Number Photo- Number 

graph ofrings Average| graph of rings Average 
No. measured’ Br-Br No. measured Br-Br 
375 7 2.285A 394 6 2.285A 
376 7 2.284 393 5 2.299 
377 7 2.293 378 5 2.295 
392 7 2.290 Average of 





measurements 2.289A 








which were somewhat less distinct than the 
others, permitting a smaller number of measure- 
ments. It is seen that the seven average values 
lie within a total range of 0.7 percent. The 
average of all the values is 2.289A, the least- 
squares probable error being 0.0015A. The actual 
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error, accepting the band-spectral value 2.281A 
as correct, is 0.008A. 

Somewhat less satisfactory photographs have 
been obtained for chlorine and for iodine chloride. 
For chlorine four photographs, each showing 
four apparent maxima, were measured, the 
average value of the Cl—Cl distance provided by 
them being 2.009A, with an average deviation of 
0.015A. This value is one percent larger than the 
band-spectral value’ 1.988A. Three rather poor 
photographs of iodine chloride gave for the I-Cl 
distance the average value 2.301A, with an 
average deviation of 0.010A. This is slightly 
smaller than the band-spectral value™ 2.315A. 
We intend to continue the study of these com- 
pounds. 

The electron-diffraction photographs used in 
this treatment of the three substances are of 
about average quality. The actual errors in the 
interatomic distances found from them (accept- 
ing the band-spectral values as accurate) are 
+0.4, +1.1 and —0.6 percent. From these 
results we draw the conclusion that the probable 
error of interatomic distances determined in this 
way from electron-diffraction photographs is of 
the order of magnitude of one percent. 


III. The study of microphotometer records for 
benzene 


The electron-diffraction photographs of ben- 
zene show several apparent maxima and minima, 
of which one (the second maximum) is very 
prominent. It appears on the microphotometer 
records (Fig. 2) as a well-defined shoulder, the 
slope nearly reaching zero. The microphotometer 
record shows, however, no single feature which 
can be quantitatively identified with confidence 
with a corresponding feature on the theoretical 
intensity curve. In order to obtain a value for 
the size of the molecule from the micropho- 
tometer records we have adopted the following 
procedure. The microphotometer was first cali- 
brated for x-radiation, using time of exposure as 
a measure of integrated incident intensity. We 


? Recalculated by Professor R. M. Badger from the 
data of A. Elliott, Proc. Roy. Soc. A123, 629 (1929); 
A127, 638 (1930). 

4 W. E. Curtis and J. Patkowski, Phil. Trans. Roy. 
Soc. A232, 395 (1933). The smaller value 2.306A was 
given by these authors in an earlier note (Nature 127, 
707 (1931)) which is not mentioned by them in their later 
paper. 
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have assumed that the behavior of the film 
towards fast electrons is sufficiently closely 
similar to that towards x-rays to permit this 
calibration to be used for electron-diffraction 
photographs also. On comparison of the benzene 
photographs with the theoretical intensity ex- 
pression, it was found that the photographs 
showed additional blackening; that is, there is 
present, aside from the diffraction pattern, a 
background, which probably is due to inco- 
herently-scattered electrons, to electrons scat- 
tered by gas molecules in the body of the 
apparatus, to multiple scattering, and to other 
causes. Inside of the shoulder the background is 
unimportant (amounting to less than half the 
total intensity at the left end of the segment of 
curve drawn in Fig. 2), whereas outside of the 
shoulder the background is stronger than the 
diffraction pattern (amounting to three-quarters 
of the total intensity at the right end of the 
segment). 

It was found that by adding a constant back- 
ground intensity of suitable magnitude to the 
intensity expression of Eqs. (1) and (3) and by 
making use of the calibration of the micropho- 
tometer, a theoretical microphotometer curve for 
benzene could be calculated which could be 
closely fitted to the observed curves over a 
considerable region including the pronounced 
shoulder. One such curve is shown in Fig. 2. 
In calculating these curves the intensity ex- 
pression including the atomic scattering factors 
¥; was used, with Pauling-Sherman f-values. 
The regular plane hexagonal model of benzene 
was assumed, the ratio of the C-H to C-C 
distances being taken as 1.06 to 1.38 (a small 
change in this ratio would not change the curves 
appreciably). The curves were plotted on a 
scale corresponding to a C-C distance of about 
1.38-1.40A. On superimposing such a curve on a 
microphotometer record, it was found in general 
that a satisfactory fit was obtained only by 
moving the curve towards or away from the 
center. The amount of this translation (for both 
branches of the curve) was measured, and 
from it there was calculated a new value for the 
carbon-carbon distance, the proper corrections 
being applied (for shrinkage of the print of the 
microphotometer record, etc.). 
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In order to study the reliability of this pro- 
cedure, various assumptions regarding the nature 
of the background were tried out. It was found 
that the background could be assumed to be 
constant, or to fall off linearly from the center, 
or to change in accordance with some other 
simple relation not deviating greatly from a 
constant value. When the theoretical curve for 
incoherent scattering was tried as the back- 
ground no satisfactory fit of the theoretical 
microphotometer curve and the observed records 
could be obtained, the incoherent scattering 
falling off too rapidly from the center. This 
shows that the other background effects men- 
tioned above are too important to be neglected 
in a quantitative comparison of theoretical and 
observed intensities. Whenever a satisfactory fit 
of the theoretical curve with the observed 
records could be obtained, the same size (to 
within about 3 percent) was calculated for the 
molecule. 

The results of the application of this procedure 
are given in Table III. It is seen that from the 
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TABLE III. Results of study of microphotometer records 
for benzene. 

Film Number Number Average 

and of curves of meas- C-C Average 

plate used urements’ distance deviation 
263 P17 5 14 1:395A 0.005A 
264 P 6 6 10 1.388 .003 
264 P20 5 17 1.386 .005 
269 P 8 5 10 1.391 .002 
269 P21 4 14 1.385 .005 

Average of 65 measurements 1.389A 
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Fic. 5. The simplified theoretical curves for benzene. 
A, Plane hexagon model. B, Carbon atoms staggered to 
0.1A above and below the original plane. C, Carbon 
atoms staggered to 0.2A. 


curve of Eq. (8) is almost indistinguishable from 
this.) The qualitative agreement of the photo- 
graphs and the curve is good. The films show a 
weak first maximum and a strong second 
maximum. These are followed by a poorly- 
defined third minimum and a broad third 
maximum showing a shelf on its outer edge. 
Then come a very narrow and distinct fourth 
minimum and a sharp fourth maximum. On 
some films a fifth minimum and maximum can 
also be seen. 

Results of the measurement of one photograph 
are given in Table IV. Each observed value of 











consistency of measurements made with different 
background expressions, different films, and 
different microphotometer records the average 
value 1.389A for the carbon-carbon distance 
should be considered as very accurate, the least- 
squares probable error being only about +0.001A 
for each film and plate and also for the average 
of the five entries in the table. 


IV. The visual interpretation of benzene photo- 
graphs 
The visual treatment of the photographs was 
made in the usual way. The theoretical curve 
for apparent intensity as given by Eq. (7) is 
shown in Fig. 5, calculated for the distances 
C-H=1.06A and C—-C=1.380A. (The simple 


TABLE IV. Visual measurements of photograph 264 for 


benzene. \=0.0599A 











4x sin 39/2 
r 

Maximum Minimum observed «x for 1.380A C-C 
1 3.35 2.84 1.17A 

2 4.39 4.23 1.43 
2 5.805 5.86 1.392 
3 7.56 7.66 1.398 
3 9.55 9.96 1.439 
4 12.61 12.60 1.379 
4 13.83 13.91 1.388 








(4x7 sin 3/2)/X is the mean of from three to 
five measurements, which in most cases lie 
within a total range of one percent. The first 
maximum and second minimum, as usual, lead 
to low values for the size of the molecule. 
The third minimum and third maximum were 
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poorly defined, and we consider them unsuited 
for quantitative use. The fourth minimum and 
maximum were very easily and reproducibly 
measured. We consider that they and the second 
maximum should be used for the determination 
of the size of the molecule. 

The results of measurements on ten photo- 
graphs of benzene are given in Table V. It is 


TABLE V. Results of visual measurement of 
benzene photographs. 








Carbon-carbon distance from 
Second Fourth Fourth 


Photograph r maximum minimum maximum 





264 0.0599A 1.392A 1.379A 1.388A 
269 .0602 1.391 1.372 1.380 
263 .0599 1.387 1.387 1.402 
265 .0632 1.403 1.375 1.406 
268 -0602 1.400 1.389 1.383 
315 .0614 1.388 1.368 1.395 
316 .0614 1.403 1.389 1.400 
317 .0614 1.403 1.387 1.399 
318 .0614 1.392 1.369 1.395 
319 .0614 1.408 1.390 1.406 
Average 1.397A 1.381A 1.395A 
Average of all values 1.391A 








seen that the results from the various photo- 
graphs are concordant, the average deviation of 
the thirty values from the mean being 0.009A. 
There is evidently a constant error in opposite 
directions for the minimum and the two maxima 
(probably due to a small St. John effect), causing 
a difference of one percent in the averages 
calculated. If we accept the result of the micro- 
photometer treatment, the error affects each to 
about one-half percent. 

The average carbon-carbon distance given by 
the thirty measurements is 1.391A. This agrees 
excellently with the value 1.389A obtained from 
the much more objective discussion of the 
microphotometer records. We believe that the 
value 1.390A can be accepted for the carbon- 
carbon distance in the benzene molecule, with a 
probable error of about 0.005A. 


V. The study of microphotometer records for 
carbon tetrachloride 

When the attempt was made to treat the 
microphotometer records of carbon tetrachloride 
in the same way as those of benzene, it was 
found that the small amplitudes of the undula- 
tions prevented the procedure from being carried 
out with the desired accuracy of one or two 





percent. In consequence another treatment was 
used. This treatment, which depends for its suc- 
cess on the regularity of the undulations corre- 
sponding to the successive apparent maxima and 
minima, consists in drawing three smooth curves, 
two of which just touch the microphotometer 
curve at the extreme points of the undulations, 
the third being midway between them. It is 
then assumed that the middle curve represents 
the intensity aside from the (sin x)/x terms of 
Eq. (6), and that the points of intersection of 
this curve with the microphotometer curve are 
the points at which the function of Eq. (6) 
passes through the value zero. The results of 
this identification are given in Table VIA, each 


TABLE VI. Measurements of microphotometer record 281 P26 
of carbon tetrachloride. 








A. Measurement of midpoints of undulations 





4r sin 3/2 
r 
Midpoint measured xfor1.80A C-—Cl distance 
6 6.59 6.50 1.775A 
7 7.68 7.66 1.795 
8 8.71 8.49 1.755 
9 9.78 9.45 1.740 
10 10.87 10.65 1.765 
11 12.14 11.85 1.757 
12 13.40 13.00 1.747 


Average 1.762A 





B. Measurement of extreme points of undulations 





4x sin 3/2 
Maxi- Mini- r C-Cl 
mum mum measured x for 1.80A distance 
3 7.21 7.00 1.747A 
3 8.27 7.97 1.735 
4 9.37 9.00 1.731 
4 10.18 10.00 1.776 
5 11.50 11.20 1.750 
5 12.66 12.36 1.757 
6 13.66 13.32 1.754 


Average 1.750A 








value reported for (4m sin 3/2)/X being the 
average from two independent constructions. 
It was also assumed that the points of contact 
of the other two curves and the microphotometer 
curve correspond to the maxima and minima of 
the function of Eq. (6). The results for these 
curves are given in Table VIB. 

The values C-Cl=1.762A and 1.750A from 
this treatment we estimate to be reliable to 
about +0.02A, the average deviation from the 
mean in the two cases being 0.014A and 0.011A. 
The agreement with the visual treatment is 
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satisfactory, the visual measurements of this 
photograph (discussed in the next section) yield- 
ing the value C-Cl=1.750A (average of ten 
maxima and minima with an average deviation 
of 0.009A), and the average for all photographs 
being 1.760A. 


VI. The visual interpretation of carbon tetra- 
chloride photographs 


We have obtained very good electron-diffrac- 
tion photographs of carbon tetrachloride, on 
some of which twenty apparent minima and 
maxima could be seen and measured. As men- 
tioned before, the qualitative appearance of 
these photographs is in excellent concordance 
with the curve of Fig. 4 calculated from Eq. (7). 
The diameters of the rings of apparent maximum 
and minimum intensity were measured on nine- 
teen photographs taken at the film distance 
12.19 cm and with various electron wave- 
lengths. In accordance with our standard prac- 
tice, three series of measurements of ring di- 
ameters were made for each photograph, and 
the results averaged to give the observed value 
of (4m sin 3/2)/X. 

The results of this treatment for one photo- 
graph (No. 282) are given in Table VII. The 


TABLE VII. Results of visual treatment of photograph 282 
of carbon tetrachloride. \=0.0609A. 











4r sin 3/2 

Maxi- Mini- r C-Cl 
mum mum observed <x for 1.800A distance 
1 2.93 2.67 (1.64A) 

2 3.83 3.57 (1.68) 

2 4.91 4.71 (1.728) 

3 6.00 5.90 1.770 

z 7.13 7.00 1.767 

4 8.14 8.04 1.777 

4 9.23 9.01 1.757 

5 10.28 10.05 1.761 

5 11.34 4.22 1.780 

6 12.53 12.35 Ldis 

6 13.54 13.39 1.780 

7 14.61 14.39 1 yg 

7 15.79 15.42 1.759 

- 8 16.81 16.55 1.771 

8 17.82 17.70 1.788 

9 18.90 18.77 1.787 

9 19.98 19.73 1.777 
10 21.22 20.70 1.756 

10 22.34 21.86 1.762 


Average 1.771A 








individual ring-diameter measurements usually 
lay within one-half percent of their mean; for 
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example, for this photograph the readings in 
centimeters for some rings are: fourth maximum, 
2.187, 2.192, 2.177; fifth minimum, 2.437, 2.438, 
2.438; fifth maximum, 2.694, 2.690, 2.690; sixth 
minimum, 2.969, 2.970, 2.983; etc. The values 
of x corresponding to the maxima and minima 
on the curve calculated for an assumed C-—Cl 
distance of 1.800A are given in Table VII. 
From these and the observed (47 sin #/2)/d 
values there are calculated the values of the 
C-Cl distance given in the last column. 

We have found that on the 12.19 cm photo- 
graphs the inner rings are not reliable, the inter- 
atomic distances calculated from them being 
usually too small. This is illustrated by the first 
three values of Table VII, which we discard. 
The following sixteen values are satisfactorily 
constant, showing a maximum deviation of only 
one percent from their mean. The average of the 
sixteen values is 1.771A, with an average devia- 
tion from this of 0.009A and a least-squares 
probable error of 0.0017A. 

The results of a similar treatment of all 
nineteen photographs are contained in Table 
VIII. In each case the value given is the average 


TABLE VIII. Results of visual treatment of nineteen carbon 
tetrachloride photographs. 











Photograph Number Average C-C| 
number r of rings distance 
243 0.0609A 6 1.748A 
244 .0609 9 1.754 
245 .0609 6 1.747 
271 .0611 10 1.768 
274 .0611 6 1.728 
279 .0609 11 1.770 
280 .0609 15 1.756 
281 .0609 10 1.750 
282 .0609 16 1.771 
347 .0619 12 1.737 
348 .0619 11 1.731 
356 .0619 14 1.781 
357 .0619 8 1.769 
PA .0609 8 1.800 
365 .0604 8 1.759 
366 .0604 8 1.753 
367 .0604 10 L.dou 
368 .0604 8 1.769 
369 .0617 8 1.777 


Weighted average* 1.760A 








* Weighted with the numbers in the third column. 


for a series of rings (each measured in triplicate) 
beginning at about the third minimum and 
ending at the place where the photograph became 
indistinct. The values are reasonably consistent, 














though not so consistent as those from the 
various rings of a single photograph. We think 
it probable that there is some error in the wave- 
length values resulting from uncertainty as to 
the accelerating potential at the instant of 
exposure. 

The average for the 184 measured rings is 
1.760A. The average for the nineteen photo- 
graphs is 1.759A, with an average deviation of 
0.014A and a least-squares probable error of 
0.0026A. The average for the nine most distinct 
photographs, those with ten or more useful rings, 
is 1.758A, with an average deviation of 0.013A. 
In view of these results, and those of the previous 
section, we write for the carbon-chlorine distance 
C-Cl=1.760A, with a probable error of about 
0.005A. 


C. CONCLUSIONS REGARDING THE VISUAL 
METHOD OF INTERPRETATION 


From the results of the various tests de- 
scribed in the preceding sections we conclude 
that the visual method of interpretation of 
electron-diffraction photographs, when carefully 
carried out, can be relied on to lead to values of 
interatomic distances which in many cases are 
accurate to within about one-half percent as 
probable error. 

In our standardized procedure the photo- 
graphs are usually prepared with electron wave- 
length about 0.06A and the distance from gas 
stream to film equal to about 12 cm (or in some 
cases 20 cm or 30 cm). The diameters of rings 
of apparent maximum and minimum intensity 
are then measured on a specially designed com- 
parator, consisting of an illuminated opal glass 
plate on which the negative is mounted and of 
two pointers which are moved independently by 
micrometer screws. The ring diameters are read 
directly on a vernier and scale mounted on the 
carriages which support the pointers. The aver- 
age of several readings of each diameter is used 
for the calculation of the value of (42 sin 8/2)/X. 
In the interpretation of the photographs our 
first step is to attempt to decide among various 
reasonable models by the qualitative comparison 
of the simplified theoretical curves calculated 
for them and the visual appearance of the photo- 
graphs. This qualitative comparison is some- 
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times more effective in the selection of the 
correct model than the quantitative comparison. 
The interatomic distances for the selected model 
are then found by the comparison of the values 
of (42 sin 0/2)/X and of x, the choice among 
alternatives sometimes being made by the con- 
sideration of the mutual consistency of these 
values. 

We have found that on short-distance photo- 
graphs of some substances rings close to the 
central image (that is, about 1 cm in diameter) 
have apparent diameters corresponding to too 
small values of the interatomic distances. The 
effect is not observed, however, when the first 
ring lies farther out, as in the case of photo- 
graphs of molecules of small dimensions (for 
example, carbon tetrafluoride, silicon tetrafluo- 
ride), and also in the case of photographs of 
most other substances taken at greater camera 
distances. This is probably a contrast effect of 
the dense central image on visual measurements 
made close to it. 

In the application of the visual method con- 
sideration must also be given the fact that the 
measured diameters for unsymmetrical apparent 
maxima and minima do not correspond exactly 
to the maxima and minima of the simplified 
theoretical curve, as a result of the St. John 
effect. This effect causes the two components of a 
double maximum to be read with too large a 
separation. An apparent maximum with an 
outer shelf gives a small measured ring diameter, 
corresponding to too large an interatomic dis- 
tance, and an apparent maximum with an 
inner shelf shows an error in the opposite 
direction. We propose to make a thorough study 
of this phenomenon, with the view of formulating 
a method of correction. At the present time the 
procedure which we recommend is to ignore 
interatomic-distance values given by very un- 
symmetric apparent maxima and minima in 
calculating the averaged interatomic distances 
for a molecule, and to include the values for 
the less unsymmetric ones, with the hope that 
the errors will to some extent cancel in the 
averaging. 

The photographs of benzene show this phe- 
nomenon in a pronounced form. The broad 
third maximum shows an outer shelf, as a 
result of which the ring diameter as measured is 
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three or four perceni too small. (In other cases 
this error may be as great as ten percent.) 
The fourth minimum and fourth maximum seem 
also to show a very small St. John effect, amount- 
ing to about one-half percent, as mentioned 
before. 

It is our belief that the most reliable method 
of obtaining molecular sizes from electron- 
diffraction photographs at present is the ob- 
jective method we have applied to benzene, 
consisting in matching over a considerable range 
a theoretical microphotometer curve and an 
actual microphotometer record. This method can 
be applied, however, only when the micropho- 
tometer record shows very pronounced reverse 
curves, as for benzene. We consider that when- 
ever the photographs show several well-shaped 
apparent maxima and minima the visual method 
is reliable for the determination of interatomic 
distances, as mentioned above, and that, more- 
over, the qualitative and quantitative applica- 
tion of the visual method provides by far the 
most satisfactory basis of choice among several 
models for a molecule. An important advantage 
of the visual method is that it permits use to be 
made of a larger angular range of the diffraction 
pattern (for the qualitative comparison) and of a 
larger number of measured ring diameters (for 
the quantitative comparison) than the methods 
based on microphotometer records. 

In our opinion the various hybrid methods of 
interpretation, such as, for example, the corre- 
lation of single points on a microphotometer 
record with points on a theoretical curve as 
applied by us to carbon tetrachloride in Section 
V, are less reliable than the visual method. 
Other examples of such methods are mentioned 
in the last section of this paper. Until these 
methods have been shown to lead to consistent 
and correct results, we feel that they are un- 
reliable. 


THE STRUCTURE OF THE BENZENE MOLECULE 


In the foregoing discussion we have assumed, 
in view of various experimental and theoretical 
arguments, that the equilibrium positions of the 
six carbon atoms of the benzene molecule are at 
the corners of a regular plane hexagon. The 
qualitative agreement of the electron-diffraction 
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photographs with the theoretical curve for this 
model (curve A of Fig. 5) supports this assump- 
tion. In order to find the extent of this support, 
we have calculated similar curves for a puckered 
hexagonal model; namely, curve B for a dis- 
placement of 0.1A above and below the original 
plane (corresponding to a bond angle of 118°), 
and curve C for a displacement of 0.2A (corre- 
sponding to a bond angle of 112°). Curve C is in 
definite disagreement with the appearance of the 
photographs, and curve B is somewhat less 
satisfactory than A. The principal feature of 
comparison is the third observed apparent 
maximum, which on the photographs shows an 
outer shelf, but does not appear as a double ring. 
Consequently we conclude that the electron- 
diffraction photographs require the benzene ring 
to show no puckering greater than corresponding 
to curve B. 

Our value for the carbon-carbon distance, 
1.390+0.005A, agrees with the less accurate 
value of Wierl, given by him as 1.39+0.03A' 
or 1.40+0.03A.'¢ So far as we know, no value 
from x-ray diffraction by gas molecules has been 
reported, though the investigation of benzene 
has been mentioned by workers in this field.” 

It is probable that the carbon-carbon distance 
in the benzene ring retains the value 1.390A 
(to within about 0.01A) in benzene derivatives. 
It has been customary in recent years to quote 
the value 1.42A (as in graphite), on the basis of 
the x-ray investigation of crystals of hexa- 
methylbenzene™ and durene" (sym. tetramethy!l- 
benzene). The values found for these substances, 
1.42+0.03A and 1.41A, are probably in agreement 
with our lower value to within their experi- 
mental error. In aromatic molecules with con- 
densed benzene rings we expect the carbon- 
carbon distance to lie between the benzene 
value and the graphite value, as is true of the 
values reported for naphthalene,'** anthracene,” 
and chrysene,!® which are 1.40—-1.41A, 1.41A, 
and 1.41A, respectively. 


127,. Bewilogua, Phys. Zeits. 32, 114 (1931); 33, 688 
(1932). 

183 K, Lonsdale, Proc. Roy. Soc. A123, 494 (1929). 

147. M. Robertson, Proc. Roy. Soc. A141, 594 (1933); 
A142, 659 (1933). 

6a J. M. Robertson, Proc. Roy. Soc. Al42, 674 (1933): 
b A140, 79 (1933). 

16 J. Iball, Proc. Roy. Soc. A146, 140 (1934). 
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THE STRUCTURE OF CARBON TETRACHLORIDE 


Our photographs are in complete agreement 
with the regular tetrahedral model of the carbon 
tetrachloride molecule. 

The chloriné-chlorine distance in carbon tetra- 
chloride was reported by Debye and his collabo- 
rators to have the value 3.3A,!" 3.1A,!8* and 
finally 2.99+0.03A,!% the last of these corre- 
sponding to a carbon-chlorine distance of 1.83 
+0.02A. In regard to the 4 percent discrepancy 
between this value and ours, it is of interest that 
Bewilogua, after claiming in the first of the 
papers of reference 12 that the x-ray diffraction 
method is in principle a more accurate method 
of measuring the dimensions of gas molecules 
than the electron-diffraction method, retracts 
the statement in the second paper, which ends 
with the remarks that x-ray methods are the 
more satisfactory for the determination of elec- 
tron distribution, and that electron-diffraction 
methods are to be preferred for the measurement 
of interatomic distances. Bewilogua refers to the 
excellent agreement between observed and calcu- 
lated intensities of scattering of x-rays by 
chlorine molecules obtained in the investigation 
carried out by Richter." Richter, however, 
assumed the band-spectral value of the inter- 
atomic distance (2.0A) to be correct, and stated 
only that a change of +5 percent in this distance 
was not compatible with his observations. 

The same value 1.83+0.02A was also re- 
ported by Wierl! from electron-diffraction experi- 
ments, and has since been said to have been 
substantiated by several groups of investigators 
using the electron-diffraction method.”: ?!- 
Others found the distance’ to be smaller. In our 
early work,”* using a film distance of 30 cm, we 
obtained values between 1.73 and 1.79A, the 
two photographs given in Table I of that paper 


17P, Debye, L. Bewilogua and F. Ehrhardt, Phys, 
Zeits. 30, 84 (1929). 

188 P. Debye, Phys. Zeits. 30, 524 (1929); etc. 

18 P. Debye, Phys. Zeits. 31, 419 (1930); L. Bewilogua, 
Phys. Zeits. 32, 270 (1931); etc. 

19H. Richter, Phys. Zeits. 33, 587 (1932). 

20 J. Hengstenberg and L. Bri, Anales Soc. Espan. Fis. 
y Quim. 30, 341, 483 (1932); 31, 115 (1933). 

21S. B. Hendricks, L. R. Maxwell, V. L. Mosley and 
M. E. Jefferson, J. Chem. Phys. 1, 549 (1933). _ 

22. R. W. Dornte, J. Chem. Phys. 1, 566 (1933). 

23 L. O. Brockway and L. Pauling, Proc. Nat. Acad. Sci. 
19, 68 (1933). 
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(showing five maxima) leading to 1.788A and 
1.761A, respectively. We did not have confidence 
in these values. and thought, in view of the 
work of Debye and Wierl, that the value should 
be larger, suggesting 1.80A as not unreasonable. 
Braune and Knoke*™ also obtained a smaller 
value, 1.78A. 

In the earlier investigations only a few rings 
were measured (not over five), and the methods 
of interpretation (discussed in the following 
section) were often arbitrary. We feel that the 
value 1.760+0.005A obtained in the present 
investigation from photographs showing as many 
as ten apparent maxima and ten apparent 
minima is reliable to the degree given by the 
probable error. This value is supported by the 
value 1.754+0.02A reported in a preliminary 
communication by Cosslett and de Laszlo,” on 
the basis of their measurement of seven apparent 
maxima. 

It is of interest that the value C—-Cl= 1.760A is 
just the sum of the covalent radii for carbon and 
chlorine,?* and is thus equal (to within 0.005A) 
to the average of the carbon-carbon distance in 
diamond, 1.542A, and the chlorine-chlorine dis- 
tance in Cle, 1.988A. 


DISCUSSION OF THE METHODS AND RESULTS OF 
OTHER INVESTIGATORS 


Our experience has shown that in order that 
interatomic distances determined by electron- 
diffraction methods may be relied on to within 
0.01 or 0.02A (the values then being useful in 
considerations regarding the electronic structure 
of molecules) a standardized and tested pro- 
cedure for measuring and interpreting the photo- 
graphs must be used. We recommend two such 
procedures. One of these consists in matching 
theoretical and observed microphotometer rec- 
ords over a considerable range of scattering 
angle, as described in Section III of this paper. 
The second (and more generally applicable) 
method is the visual iiethod of measurement and 


24H. Braune and S. Knoke, Zeits. f. physik. Chemie 
B21, 297 (1933). 

25 Ms E. Cosslett and H. G. de Laszlo, Nature 134, 63 
(1934). 
26. Pauling, Proc. Nat. Acad. Sci. 18, 293 (1932). 
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interpretation with the use of a simplified theo- 
retical curve. 

Other investigators have used various methods 
without testing their accuracy and reliability. 
Wierl! obtained values of (sin 3/2)/X from his 
photographs by visual measurement. (For one 
substance, carbon tetrachloride, he also applied 
an undescribed procedure in interpreting micro- 
photometer records.) He obtained x values either 
by taking the points on the complete theoretical 
curve lying farthest above a rather arbitrarily 
chosen background curve, or by using the 
simplified theoretical expression given in Eq. (8) 
of this paper. In some cases he made arbitrary 
changes in the x values found by these methods. 
We believe that in general the interatomic 
distances reported by Wierl as determined in 
the course of his important and extensive in- 
vestigations are reliable to about 3 percent; 
for some substances (benzene, certain halogen 
compounds?’) results from this laboratory agree 
with Wierl’s to within 1 or 2 percent, for others 
(carbon tetrachloride, cyanogen,”® etc.) the dis- 
crepancies are larger.” 

Hengstenberg and Bri” applied methods 
closely similar to those of Wierl in studying 
acetone, formic acid, formaldehyde, methyl 
ether, ethyl ether, and ethyl chloride, bromide 
and iodide. Their results are presumably re- 
liable to within a few percent, considerable 
uncertainty arising from arbitrary corrections 
applied to the x values. 


27. O. Brockway and F. T. Wall, J. Am. Chem. Soc. 
56, November (1934). 

28 L. O. Brockway, Proc. Nat. Acad. Sci. 19, 868 (1933). 

29Some of Wierl’s results are uncertain because of 
variation in his procedure. For many substances he com- 
pared visually measured ring diameters directly with x 
values from the simplified theoretical curve. In other 
cases (such as bromine) he compared visually measured 
ring diameters with x values from the complete theoretical 
curve, differing by about 5 percent with those from the 
simplified curve. In still other cases (ethane, ethylene, 
allene, acetylene) he used x values taken from the simplified 
curve and then corrected by an arbitrary amount. These 
variations in procedure indicate the necessity of formu- 
lating a standard method of interpretation and testing 
its accuracy. 

It may be mentioned that the St. John effect, which 
appears clearly in our measurements and in those of 
Braune and Knoke for certain substances, is not indicated 
in Wierl’s (sin #/2)/d values. 

30We have reinvestigated formic acid (Proc. Nat. 
Acad. Sci. 20, 336 (1934)), finding a structure different 
from that of Hengstenberg and Bri. 
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Braune and Knoke*: *! correlated visual meas- 
urements made by laying a scale graduated in 
half-millimeters on the illuminated negatives 
with x values obtained from the complete theo- 
retical curve by some undescribed procedure. 
Although their treatment was not. justified by 
any tests, it seems to lead to consistent results, 
the interatomic distances reported by them for 
the tetrachlorides of carbon and silicon and the 
hexafluorides of sulfur, selenium and tellurium 
agreeing with ours’: 2? to within 2 percent. 

Hendricks and co-workers?!: * seem to have 
obtained x values by a procedure similar to 
that used by Wierl, consisting in drawing a 
more or less arbitrary background curve for a 
complete theoretical curve (including in some 
cases the incoherent scattering) and selecting 
the points on the complete curve lying farthest 
above the background. (There is some uncer- 
tainty as to their exact procedure; the authors 
themselves make the obviously incorrect state- 
ment that they use the points of inflection of 
the theoretical curve.) These x values are corre- 
lated with (sin #/2)/X values obtained from a 
similar treatment of densitometer records of the 
photographs. Until the accuracy of this treat- 
ment has been thoroughly tested, there is no 
way of estimating it except by use of the fact 
that it was reported by the authors”! to lead to 
the value 2.98A for the CI—Cl distance in carbon 
tetrachloride, a value 4 percent larger than that 
2.87+ found by us,** and also to lead to values 
for the I-I distances in iodine molecules and in 
1,3 and 1,4-diiodo-benzene in approximate 


* H. Braune and S. Knoke, Naturwiss. 21, 349 (1933); 
Zeits. f. physik. Chemie B23, 163 (1933). 

32 L. R. Maxwell, V. M. Mosley and L. S. Deming, J. 
Chem. Phys. 2, 331 (1934). 

38 This discrepancy between our preliminary measure- 
ments on carbon tetrachloride and those of others, in- 
cluding themselves, was pointed out by Hendricks and 
co-workers. The results of this paper (and of Cosslett and 
de Laszlo) show that our early measurements were not in 
error. 

It may be mentioned that these investigators*? make 
the fact that their photographs of nitrogen dioxide show 
no rings the basis of choice among several molecular 
models. Our experience has shown that when the proper 
experimental precautions (such as the effective conden- 
sation of the introduced gas) are not observed a substance 
capable of producing a photograph with well-defined 
apparent maxima and minima may produce photographs 
not showing these features. We accordingly feel that the 
absence of rings cannot be safely used for the determination 
of molecular configuration and size. 
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agreement with those obtained by other methods. 

Dornte*:*4 has reversed the procedure of 
Braune and Knoke, using the simplified theo- 
retical curves for determining the x values and 
correlating them with experimental values taken 
by some undescribed procedure from micropho- 
tometer records. As mentioned above, Dornte’s 
interatomic-distance value for carbon tetra- 
chloride is 4 percent too high. We have repeated 
Dornte’s work on carbonyl compounds, with 
the help of Mr. J. Y. Beach, and shall soon 
publish the results of the investigation. 


34 R, W. Dornte, J. Chem. Phys. 1, 630 (1933); J. Am. 
Chem. Soc. 55, 4126 (1933). 
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Cosslett and de Laszlo” in their short note on 
carbon tetrachloride do not describe their 
method in detail. They find, as we do, that the 
first two rings on a short-distance photograph 
have apparent diameters corresponding to too 
small values of the interatomic distances. 

A preliminary note on carbon suboxide has 
been published by Boersch.* 


33H. Boersch, Naturwiss. 22, 172 (1934). Boersch 
reports a structure for carbon suboxide different from 
that found by us (Proc. Nat. Acad. Sci. 19, 860 (1933)). 
We have calculated the theoretical curve based on his 
model and find pronounced disagreement with our photo- 
graphs. A more complete comparison of results will be 
made after his detailed publication has appeared. 
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Raman Effect of Acetylenes. I. Methyl-, Dimethyl- and Vinyl-Acetylene 


GEORGE GLOCKLER AND H. M. Davis,! University of Minnesota 
(Received September 27, 1934) 


An improved helical discharge tube containing neon and 
mercury with a saturated solution of sodium nitrite as 
filter served as a monochromatic source of radiation 
(4358 Hg). A mechanical filter avoided overexposure of 
the exciting radiation. The vibration frequencies were 
studied on the basis of the symmetry properties of the 
molecules and the usual assignments have been made. 


INTRODUCTION 


EVERAL new features of experimental tech- 

nique have been developed and thoroughly 
tried and since the resulting spectrograms are 
of excellent quality, it seems worth while to 
describe them. 


NE-HG DISCHARGE TUBE 


The ordinary mercury arc is quite an expensive 
piece of apparatus and it is usually inconvenient 
to run it for long periods; if there are voltage 
variations it is liable to be extinguished. Further- 


1 This article is based upon a thesis presented to the 
faculty of the Graduate School of the University of 
Minnesota by H. M. Davis in partial fulfillment of the 
requirements for the Degree of Doctor of Philosophy. 
For a preliminary note on methyl-acetylene see Phys. 
Rev. 41, 370 (1932). 


Faint rotation lines were found accompanying the C: C 
vibration in liquid dimethyl-acetylene. They are inter- 
preted as rotation of the six hydrogen atoms around the 
figure axis of the molecule. The moment of inertia is 
I=10-*° gXcm?. The three compounds were studied in 
the liquid state. 


more, the arc runs hot and it is not possible to 
place it very near a Raman tube containing a 
liquefied gas. For these reasons a helical discharge 
tube on the principle of the usual “neon-sign’’ 
was developed and has been used in this labora- 
tory for several years.? The design can best be 
seen from Fig. 1 (A, C and D). The helix is made 
of quartz, corex-D or Pyrex glass. The electrodes 
are made of copper or iron and are large in area 
so that at 6600 volts 300 milliamperes pass the 
tube. It contains a drop of liquid mercury and 
several mm of neon gas. The tube runs quite cool. 
One can just hold one’s hand on the surface. As 


2 R. W. Wood (J. Frank. Inst. 208, 617 (1929)) has used 
a helical discharge tube containing helium. The Hanovia 
Chem. & Mfg. Co., manufactures lamps similar to the 
one discussed here. However, the tubes used in this 
laboratory carry a much greater current than any others 
described so far. 
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in the construction of “‘neon-signs’’ it is of great 
importance to out-gas the electrodes and glass- 
walls during the process of manufacture. One 
such tube has served now for 1400 hours and it is 
still giving good service. The area of the electrodes 
is determined by the rule of Claude: 1.5 dm? per 
ampere. 


ELIMINATION OF OVEREXPOSURE 


The exciting line for example 4358 Hg becomes 
greatly overexposed during the long period 


GLOCKLER AND H. 


M. DAVIS 


needed to bring out the weaker Raman lines. 
The unmodified line is usually completely hidden 
by a complete blackening of the photographic 
plate which may also hide some of the scattered 
frequencies of small wave number. In order to 
avoid this difficulty a mechanical filter was 
placed inside of the plateholder of the spectro- 
graph in front of the photographic plate. It pre- 
vented the scattered light (4358A) from reaching 
the photographic plate. However, an initial ex- 
posure of about 15 minutes served to record the 
unmodified line. This procedure made it possible 
to use 4339A Hg as a reference line for the 
measurement of the plate. This line appeared 
on the spectrogram as a very sharp line and 
served the purpose admirably. The mechanical 
filter is shown in Fig. 1B and the results which 
can be obtained by its use are shown in Fig. 2. 


PHOTOGRAPHIC PLATES 


Eastman Hyper Press Plates proved most 
satisfactory on account of their high speed, their 
insensitivity in the extreme red and their high 
sensitivity in the blue-green. This region in the 
spectrum was of most interest for 4358A Hg was 
used as exciting radiation rather than ultra- 
violet light for fear that photochemical action 
might become troublesome with the compounds 
studied. The plates mentioned above proved 
most satisfactory for all the work except that of 
photographing the C-H frequency (3300 cm~) 
which falls in the region 5100A when excited by 
4358A. Eastman spectroscopic plates, type 1-] 
specially sensitized for the region were found 
most satisfactory. 


METHYL-ACETYLENE 


The maximum number of vibration frequen- 
cies (f) to be expected from a molecule depends 
on the number of degrees of freedom which, in 
turn, depends on the number of atoms (JV) of the 
molecule reduced by six (translation and rota- 
tion) f=3N—6. 

However, this number is reduced?‘ if* the 
molecule has symmetry. Methyl-acetylene should 


3C. J. Brester, Kristall-Symmetrie und Rest-strahlen, 
Diss., Utrecht (1923) and Zeits. f. Physik 24, 324 (1924). 

4G. Placzek, Leipziger Vortrige, Verlag S. Hirzel, 
Leipzig (1931). 
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TABLE I. Number of vibration frequencies of methyl-acetylene. 
Seven atoms; f=7X3—6=15; symmetry group = C3y.° 
(Molecular axis = z-axis.) 





Number of 
frequencies 


Type Total Zero Net Kind Electric moment 
A, 2+4 1 5 active M(x)=M(y)=0; 
M(z) #0 
A» 1 1 0 inactive 
B, 0 0 inactive 
B, 0 Q inactive 
c 3+4 2 5 active, M(xy) 40; M(z)=0 
double 
D 0 0 
21 6 19 


show a maximum of 15 frequencies since it con- 
tains seven atoms. Since it, however, possesses 
symmetry of the type C3, this number of fre- 
quencies is reduced to ten (Table I) of two 
groups of five each. The threefold symmetry 
axis of the molecule contains the three carbon 
atoms and the hydrogen attached to the carbon 
of the acetylene bond. The three hydrogen atoms 
of the methyl group give the molecule its three- 
fold symmetry. 

Not all of these frequencies need show up in 
the Raman effect or in infrared absorption. 
Infrared absorption is possible if the electric 
moment of the molecule changes during the 
transition and Raman lines have intensity other 
than zero if the polarizability of the molecule 
changes with changes in nuclear distances during 
the process of interaction with the incoming 
quantum.°: *:7 In general this situation depends 
greatly upon the constitution of the molecules 
and upon the type of vibration involved. In other 
words, the ten vibrations considered may be 
“infrared active’ and/or ‘‘Raman-active.” 

The results of the experimental work show 
that there are eleven Raman frequencies (Fig. 2 
and Table II). One of them can be interpreted as 
an overtone and the other ten fall into two 
groups: five of them are very sharp lines and the 
five others are broad. Within the two groups the 
frequencies arrange themselves in inverse pro- 
portion to the reduced mass (proportional to 
m,Xmz) of the vibrating systems. 


5G. Placzek, Zeits. f. Physik 70, 84 (1931). 
6G. Placzek and E. Teller, Zeits. f. Physik 81, 209 (1933). 
7L. Tisza, Zeits. f. Physik 82, 48 (1933). 


TABLE II. Raman-lines of methyl-acetylene. Two types: 
A,(M(z) #9) and C( M(xy) #0). (6=broad, s=sharp) 
( | )=perpendicular to valency bond; (—) 
= parallel to valency bond. 


a 
Inten- 
Mode cm! sity Type C A 
Ge) ).Ct CTH 336 9(b) C 384 
(H3;C) }.C ft : (CH) J 643 5(b) C 336 
(H3;C)>-—(C : CH) 929.5 8&(s) A 375 
Ht .H2}.(C.C:C)t.H| 1382.5 6(b) C 111 
Ht .H | .(HC.C : CH) 1448 2(b) C 76 
(H3;C).C—> ? —C.(H) 2123.5 11(s) A 351 
2X 1382.5 2736 1(b) 
(H3)—-=—(C.C : C).H—> 2867 6(s) A 144 
(H3)—~-—(C.C : CH) 2926.2 10(s) A 111 
H—-—(H.C.C : CH) 2971 4(b) C 39 
(H;C.C ? C)>-<—H 3395 2(s) A 39 


Modes of vibration 

336 and 643 cm. The two lowest frequencies 
in methyl-acetylene are thought to be deforma- 
tions’ and to the lower frequency the larger 
reduced mass has been ascribed. 

929.5 cm. This frequency is in the range 
ascribed by Dadieu and Kohlrausch® to the 
vibration of an end methyl-group against the 
rest of the molecule. They trace this vibration 
from 990 cm! in ethane to 870 cm“ in propane 
and 843 cm! in pentane. In the odd paraffin 
molecules longer than ethane the frequency ap- 
pears to split into three, as in propane, 870, 940, 
1050 cm". 

1382.5 cm. It seems to depend upon the 
presence of a methyl-group attached to an un- 
saturated carbon atom. It is not present in the 
paraffins and frequencies in this range appear in 
olefines only when a CH, or CH; group is adja- 
cent to an ethylenic carbon. In substituted acety- 
lenes a CH»-group next to the acetylenic carbon 
gives a frequency of 1320-40 cm; but a CH; 
group so located gives always the frequency 
found here, i.e., 1380 cm7!: 


Methyl acetylene 1382.5 cm™ 
Dimethyl acetylene 379.5 * = 
Methyl, -amyl acetvlene 1384 "= 


Methyl, phenyl ' 1383 ~ = 


8 R. Mecke, Zeits. f. Elektrochemie 36, 589 (1930). 

9 Dadieu and Kohlrausch, Ber. 63, 273 (1930). 

10 See below. 

1! Bourguel and Daure, Bull. Soc. Chim. 47/48, 134! 
(1930). 
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This frequency is ascribed to a deformation 
involving the hydrogen atoms of the methyl 
group as indicated in Table II. 

1448 cm. It seems well established that this 
frequency occurs only when a carbon atom bear- 
ing at least two hydrogen atoms is present in 
the molecule. Its essential constancy found in 
the most different compounds indicates that it 
is an “inner frequency” of the CHe or CH; 
group. Any frequency involving the C—H bind- 
ing and yet so low must be of the deformation 
type. It is ascribed to the transverse swing of 
two hydrogen atoms." 

2123.5 cm. All compounds containing triply 
bound carbons (acetylene bond) show a vibra- 
tion in this immediate neighborhood. (See, how- 
ever, vinyl-acetylene below.) 

2736 cm. Because of its extreme weakness 
and for the fact that it lies below the usual range 
of C-H frequencies this line is regarded not as a 
fundamental but as the first harmonic of 1382 
cm~. Since it is slightly less than double it would 
indicate that the motion is anharmonic to some 
extent. It might be a combination tone of 2123.5 
and 643 cm~'. But this assignment appears im- 
probable when it is pointed out that isobutylene 
shows that frequency strongly.' In this case the 
first interpretation is the only one possible. 

2867, 2926.2, 2971 cm. These frequencies 
are due to the motions of the hydrogen atoms. 
The highest one is ascribed to the motion of 
one hydrogen atom only along its valency direc- 
tion. Of course, the remainder of the molecule 
moves appropriately relative to the center of 
gravity, although the extent of this displacement 
would be very small. The reduced mass involved 
would be smallest if one ‘hydrogen atom only 
vibrates, giving rise to the largest C—H fre- 
quency. From an appropriate model it can be 
seen that the electric moment is most likely 
changed in direction perpendicular to the sym- 
metry axis. The symmetry axis is the Z-axis and 
for this motion M(z)=0 (see Table I). Having 
disposed of this vibration it is possible to ascribe 
2926.2 and 2867 cm- to the symmetrical and 
asymmetrical frequencies as they appear also 
in methane. It appears that the frequencies 





2 Dadieu and Kohlrausch, Ber. 63, 262 (1930). 
3 Cross and Daniels, J. Chem. Phys. 1, 52 (1933). 
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2926.2, 2867, 1448 and 1382.5 have to one 
another the same relation as have the frequencies 
3022, 2915, 1520, 1304 in methane." 

3305 cm~!. The hydrogen atom attached to an 
acetylenic carbon atom causes this motion. 

It is to be pointed out that the ten frequencies 
considered to be fundamentals fall into two 
groups as concerns their appearance and that 
the assignments made also follow this same divi- 
sion. All the sharp lines are of a character such 
that the change of electric moment involved is 
along the symmetry axis (Z-axis) and the broad, 
diffuse lines are of a type of motion involving 
changes in the moment perpendicular to the 
symmetry axis (M(xy)#0; M(z)=0). It appears 
that all of the fundamental frequencies of methyl- 
acetylene are ‘‘Raman-active.’’ While they have 
been discussed on the usual basis of vibration of 
certain bonds or groups, it must be stated that 
the molecule as a whole executes the vibration. 
The modes of vibration, their type, intensity and 
character of the lines pertaining to them agree 
and give a satisfactory picture of the funda- 
mental motions of this molecule. 


DIMETHYL-ACETYLENE 
The molecule contains ten atoms and should 


have twenty-four frequencies. Fifteen frequencies 


TABLE III. Number of vibration frequencies of dimethyl 
acetylene. Ten atoms; f=10X3—6=24; 
symmetry group: D3. 














Number of 
Frequencies 
Electric 
Type Total Zero Net Kind moment 
Ai) 2+2 4 inactive; sym. AM=0 
A,” 242 1 3 active; asym. M(z) #0 
A,’ 1 1 Q inactive; sym. AM=0 
as” (i 1 inactive; asym. AM=0 
C’ 342 1 4 active; sym; double M (xy) #0 
Cc“ 342 i 4 inactive; asym; double AM=0 
30 6 16 
Symmetry group: S¢ 
A 3+2 1 4 inactive; sym AM=0 
B 3+2 1 4 active; M(z) +0 
C 342 1 4 active; double M(xy) #0 
D 34+2 1 4 inactive; double AM=0 
30 6 16 








44 R. Mecke, Leipziger Vortrége; Verlag von S. Hirzel, 
Leipzig (1931), p. 23. 
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TABLE IV. Raman lines of dimethyl-acetylene. Four types A(AM =0): B( M(z) #0); CU 
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M (xy) #0); DiAM=0). 

















Inten- Inten- 
Mode cm"! sity Type m-m. Mode cm! sity Type m-m. 
Hst .Ce} : Cot .Hs| 213 =: 1(d) A 729 |H|.H¢.HC.C:C.CH; 1447 4(b) D 104 
nai Ct :C1.CH,F 374 = 5(b) D729 | Rotation 2179.45 1(s) — — 
H;C }.C: Ct.CHs} 400 = 0(0) C 720 " 2201.40 1(s) — — 
H;C }.C.C: CH2t .H | 687 = 3(d) C 608 | H;C—.C— i —C.CH;— 2234.60 6(s) B 504 
H.C }.H¢.C} :Ct.H|.CH:t 697.4 4(s) D729 | Rotation 2280.2 1(s) — — 
H;C—-<C : C—+-<CH; 773.5 4(s) A 729° | HsC—.C— : —C.<CH; 2312.65 6(s) A 729 
H;C—-«C : C.CH;—> 788.5 3(s) B 720 |2x1379.5 2736.8 2.5(s) — — 
H;C—>-<C : C.CH; 1029) 3(s;b) B 585 | Hs—-<—C.C: C.C.H;—> 2861.8 4(s) B 288 
mic: CC. f (1243)  0(d) D 8 | Hs—.C.C : C.C.—Hs; 2920 7(s) A 9 
H:} .H¢ .(C.C:C.C)}.H?t.He| 1379  5(b) Cc 104 | H—.C.C : C.CH; 2961 3.5(b) C 53 








were found which could be ascribed to vibrations. 
Another one appears to be an overtone. Three 
weak lines indicate rotation of the molecule. 
They accompany the acetylenic carbon atom 
vibrations. The number of vibration frequencies 
found is less than the maximum number ex- 
pected, indicating that the molecule has sym- 
metry. It, of course, has threefold symmetry 
on the ordinary views of organic chemistry. If 
the two sets of three hydrogen atoms of the 
methyl-groups are located exactly below one 
another, then the molecule has a threefold axis 
of symmetry, three planes of symmetry contain- 
ing the threefold symmetry axis and another 
plane of symmetry perpendicular to the three- 
fold axis. There are furthermore three twofold 
axes of symmetry perpendicular to the three- 
fold axis. The four carbon atoms are located on 
the threefold axis. The symmetry group would 
be D3, and sixteen fundamental frequencies are 
to be expected (Table III). The same agreement 
between number of fundamentals expected and 
Raman lines found is obtained, when it is pro- 
posed that the hydrogen atoms of the two methy] 
groups are not located directly below one another, 
but that they are displaced by 60°. The point- 
group is then S,. Again sixteen fundamentals 
are to be expected. This number also agrees with 
the number of vibration lines found. In the last 
case the molecule contains a sixfold rotation 
reflection axis. The details of the expected 
frequencies are found in Table III. Since sixteen 
frequencies are expected, the attempt was made 
to locate another line on the Raman plates and a 
very weak line was found at 1243 cm. The 
second arrangement of symmetry would be pre- 





ferred, for, if the hydrogen atoms of the two 
methyl groups interact at all they would assume 
the puckered arrangement involved in a point 
system symmetrical to a rotation reflection axis. 
The attempt was therefore made to arrange the 
sixteen frequencies into four groups each. The 
results are shown in Table IV. Within the group 
A the first two frequencies are deformations and 
the lower frequency has the larger reduced mass. 
The same is true of the two vibration frequencies 
of this group. The frequencies of group B and C 
are also arranged in the inverse order of the 
reduced mass. In the fourth group D it is found 
that the reduced mass is the same for the first 
three frequencies. It must then be assumed that 
the force constant varies appropriately to ac- 
count for the magnitude of the frequencies them- 
selves. It should be noted that the Raman lines 
could be divided into two equal groups in regard 
to their appearance as sharp or broad lines. 
The double frequencies (C and D of S.) could be 
identified with the broader lines. This division 
fitted quite well into the usual assignments of 
modes of vibration. For example, the ‘‘acetylene- 
bond”’ frequencies are relatively sharp and they 
fit into group A and B. It is of importance to 
note that the division of the Raman lines as sharp 
and broad was made before they were assigned 
into the groups shown in the tables. 


Modes of vibration 


213, 374 and 400 cm. These low frequencies 
of dimethyl-acetylene are taken to be deforma- 
tions. It should be noted that the modes of 
vibration assigned to various frequencies indi- 
cate in some cases only the general type of mo- 
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tion involved. It is possible to vary them to some 
extent. It seems natural to involve larger moving 
masses for the lower frequencies. 

687 and 697.4 cm. Because of the larger 
value of these frequencies, hydrogen atoms 
were supposed to be involved in these deforma- 
tions similar to 643 cm™ in methyl acetylene. 

773.5, 788.5 and 1029 cm-'. Since these fre- 
quencies are in the neighborhood of 990 cm~! 
they are ascribed to the C—C bond. 

1379 cm. This frequency is ascribed to a 
motion similar to the one which refers to 1382.5 
cm~ in methyl-acetylene. 

1447 cm. It is found as 1448 cm in methyl- 
acetylene. 

2234.6 and 2312.6 cm. They refer to the 
acetylene bond and are asymmetrical and sym- 
metrical frequencies, respectively. 

2736.8 cm. This vibration is thought to be 
the overtone of 1379 cm". 

2861.8, 2920 and 2961 cm. They refer to 
hydrogen atoms of the methly groups. It is to 
be noted that a high frequency corresponding to 
hydrogen attached to an acetylenic carbon atom 
is not found. 


Rotation in dimethyl-acetylene 


Three lines (2179.5, 2201.4 and 2280 cm~") are 
found to accompany the acetylene bond vibra- 
tions. They are interpreted as rotation changes 
occurring with the C:C _ vibration. These 
lines are weak requiring 97 hours exposure, but 
repeated measurements indicate two rotation 
frequencies of 33 cm~! and 55 cm’. Similar rota- 
tion phenomena have been found by Bonino and 
Cella in pinene. In this latter case the rotating 
portion of the molecule is a simple rotator of one 
degree of freedom. In the present case it is simi- 
larly assumed that the rotational energy states 
are given by E,o.=h?k?/8n°]=Bk?; Ak=—2; 
Av=B(4k—4) where “k’’ refers to the initial 
state. The change in k has been taken to be two 
units as is usual in the Raman effect. The mo- 
ment of inertia calculated from the above formula 
appears to be connected with the rotation of the 
six hydrogen atoms around the figure axis of the 


5G, B. Bonino and P. Cella, Mem. Acad. Italia II 
(No. 4) 1 (1931). 








molecule. Since the interval of 22 cm~ is equal 
to 8B: 


I=h/8°cB= (27.7 X10) /2.75 
=1010- gXcm?. 


If it is assumed that the four carbon atoms are 
located on the figure axis and therefore do not 
contribute to the moment of inertia then the six 
hydrogen atoms only are responsible for this 
moment. Their distance from the figure axis 
may then be calculated: 


6X 1.663 X 10-4 Xr? K 10-"= 10 K 10-*4; 
r=1 Angstrom. 


Since the C-H distance in many hydrocarbons 
is about 1.08A, the same value may be assumed 
for the methyl groups of this compound. The 
central angle calculated is 112° instead of the 
usual 109° for a regular tetrahedron. 

In Table V it is seen that the even rotation 


TABLE V. Rotation in dimethyl-acetylene. 








Frequency 








No cm” Ak Av =2.75(4k—4) Intensity 
1 er. 20 11 — 
2 — 3—1 22 0 
3 33 4—>2 33 1 
4 — 5—>3 44 0 
5 55 6—4 55 1 
6 —- 75 66 0 








states only occur and that the odd ones are en- 
tirely missing. The rotation states found in 
Pinene by Bonino and Cella” are similar in char- 
acter. Further, only the P branches are found in 
both cases. It appears that a molecule rotating in 
a higher quantum state due to temperature 
distribution of energy can interact with the 
scattered quantum and give up its rotation 
energy, while the incoming quantum cannot 
excite the oscillation of the acetylene bond and 
at the same time cause the rotation energy of the 
molecule to increase. This difference does not 
arise from the Boltzmann factor nor from the v* 
factor in the intensity expression pertaining to 
Raman scattering,!® but must arise from the 


'®G. Placzek, Rayleigh Scattering and Raman Effect, 
Handb. d. Radiologie by E. Marx, Akad. Verlags-Gesell- 
schaft m.b.H. Leipzig, 1934, p. 203. 
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TABLE VI. Raman lines of vinyl-acetylene. Two types: A(M(x) #0); B(M(yz) ¥0). 











Inten- Inten- 

Mode cm sity Type m Xmz Mode cm7 sity Type m Xmz 
(H.C) } : (CH) t.C} : CHt 219 4(b) A 676 | (H2C2)(H) } (C2H) 1288 4(s) A 51 
(H2C) } : (C;:H) tH} 309 4(b) “ 555 |HtH | (CsH2) 1405 4(s) B 100 
(H2C) ¢ : (C2H) | : (CH) ft 538 4(s) B 675 | (H2C) > :<(CH)(C:H)—> = 1595 1  * 507 
(H2C) | : (CH) ¢ .(C2) | Ht 629 4(b) A 532 | (H;C2)—~C— : —C.<H 2098.5 6(s) “ 507 
(H2C) | : (CH) f .(C:H) | 678 2(b) “ 507 | (H2)—>—(C4H2) 3011.6 4(s) “ 100 
(H3C2)—>.<—(C2).(H) > $75. 3) 8&8 672 | H—(C,Hs) 3102 a. “ 51 
(H3C2)—>.<—(C2H) 928 2s) “ 675 | (C4H3) —><—H 3305 1(s) “ 51 
(H;C:)—~C—(CH) 1091 2(s) “ 351 











difference in the expression for the scattering- 
tensor in the two cases. 

After this research was in progress, B. Gredy'” 
reported a list of Raman frequencies in dimethyl- 
acetylene. Of the three lines 351, 971 and 2996 
cm~' reported by him no trace has been found, 
even on exposure long enough to photograph the 
rotation-vibration bands mentioned above. On 
the other hand, he fails to report the lines at 
778.5, 1029 and 2737 cm. Since he does not 
mention his source of light, it is impossible to 
search his list for coincidence with lines of the 
exciting spectrum. It should be mentioned that 
our sample of dimethyl-acetylene was purified 
with extreme care; that both long and short 
exposures were made; that the measurements 
made on different plates agreed very closely 
and that microphotographs were made to assist 
in the study of the spectrum. 


VINYL-ACETYLENE 


The molecule contains eight atoms and eight- 
een fundamental frequencies may be expected. 
Its structure is represented by the point arrange- 
ment C;, and all of the eighteen frequencies 
should be found, if they are ‘‘Raman-active.’’ 
Only fifteen frequencies could be located with 
certainty. The others may be coincident with 
mercury lines or they may be very faint. It is 
possible that longer exposure may reveal them, 
although the spectrogram shown in Fig. 1 was 
obtained on 25 hour exposure. The frequencies 
expected fall into two classes (A=5 and B= 13) 
and the Raman lines found on the plates were 
divided into sharp and broad lines as is shown in 


Table VI. 
17 B. Gredy, Comptes rendus 197, 327 (1933). 





Modes of vibration 

In some respects vinyl-acetylene is the most 
interesting compound studied. One can scarcely 
conceive of a molecule of eight atoms of only two 
types (carbon and hydrogen) having a greater 
variety of atomic bindings. One can expect to 
find in vinyl-acetylene almost all of the frequen- 
cies of hydrocarbon molecules. It will be noted 
that the organic chemists’ picture of the molecule 
indicates (1) the presence of single, double and 
triple bonds between carbon atoms; (2) that the 
double and triple bonds are each in conjugate 
positions to the other; (3) that of the four hydro- 
gen atoms three are attached to carbon atoms of 
distinctly different character and (4) that there 
are carbon atoms holding none, one and two 
hydrogen atoms. All of these accepted points 
make themselves felt in its Raman spectrum. 

219 to 678 cm~. These low vibrations are con- 
sidered to be due to deformations of the molecule. 
The assignments made are meant to indicate 
this situation in a general way. 

As far as possible the frequencies were assigned 
in such a way that the masses vibrating toward 
one another were larger for the smaller frequen- 
cies. This point may have some significance at 
least within a group of vibrations involving the 
same bond vibration and hence the same force 
constant. 

875, 928, 1091 cm~'. These frequencies are 
ascribed to vibrations involving the C—C bond. 
The modes of vibration indicated in the table 
are meant to indicate the motions involved in a 
general way only. The types of vibration shown 
are to be thought of as being interchangeable 
among the three frequencies as no evidence 
exists to assign them definitely. 






















RAMAN EFFECT OF ACETYLENES. I 


1288.1 cm. This line has no counterpart in 
either mono-methyl or dimethyl-acetylene. Its 
occurrence in a Raman spectrum seems to de- 
pend upon the presence in the molecule of a 
lone hydrogen atom on an ethylenic carbon. 
This can be seen as follows: Butadiene (1277); 
1-methyl-butadiene (1288); 2-methyl-butadiene 
(1291). However in 2-3-dimethyl-butadiene 
where the structure “‘CH”’ is missing, no fre- 
quency is found in the range 1024 to 1339 cm—. 
Again it is found in allyl alcohol (1288) and allyl 
sulfide (1291). The frequency reported here in 
vinyl-acetylene (1288.1 cm~') has also been 
found in divinyl-acetylene by C. E. Morrell!® 
as 1288.3 cm. Since this frequency is too low 
for a C-H vibration along the valency direction, 
it is thought to be of the deformation type. 

1595 cm. As the presence of the conjugate 
double bond lowers the acetylene bond frequency, 
so it appears that the ethylene bond frequency 
is also lowered by the conjugate triple bond. 
The frequency of the carbon-carbon double bond 
is ordinarily in the range of 1630-40 cm~ and 
is thus 40 cm™ lower in vinyl-acetylene. 

1405 cm. A transverse motion of the two 
hydrogen atoms of the CHe group is held re- 
sponsible for this vibration. 

2098.5 cm. This vibration represents the 
acetylene bond vibration between the two triply- 
bound carbon atoms. It is lower than 2119-20 


18 Unpublished results obtained in this laboratory. 
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cm found in many acetylene compounds’® and 
the neighboring double bond may be responsible 
for this change. 

3305 cm. This frequency is due to the 
hydrogen atom attached to the acetylenic car- 
bon atom. 

3102 cm is ascribed to the single hydrogen 
atom attached to the ethylenic carbon. 

3011.6 cm represents the vibration of the 
hydrogen atoms attached to the end carbon 
atom of the ethylene radical. The principle C-H 
line in ethylene itself is at 3019 cm~ and is also 
found in many compounds having the CH, 
group.”° It is interesting to note that the hydro- 
gen atoms in vinyl-acetylene have a_ higher 
frequency of vibration than the hydrogen of the 
methyl group (Fig. 1) of methyl and dimethyl- 
acetylene. 

It is believed that the assignments made for 
the motions of the molecules connecting them to 
certain observed frequencies is all that can be 
done at the present from such observations as 
are carried out in a scattering experiment. The 
symmetry of the molecules has been noted, the 
classes of frequencies expected have been kept 
in mind and the possible modes of vibration have 
been related to the chemical structure of the 
molecules. 


19 Bourgel and Daure, Comptes rendus 190, 1298 (1930). 
20 Dadieu and Kohlrausch, references 9 and 12, pp. 
322-3. 
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Note on “ The Experimental Determination of the Heat 
Capacity of Explosive Gases.” A Correction! 


In a recent article? we outlined a method for the de- 
termination of the heat capacity of explosive gases from 
pressure records of explosions in a spherical vessel and 
have applied it to the heat capacity of ozone. Although 
Eq. (14) from which Cu, the heat capacity of the un- 
burned gas mixture, was calculated, is rigidly correct, it 
occurred to us that the quantity, T,., representing the 
temperature of the burned gas near the wall is not ob- 
tainable from Eq. (4) because this relationship is not an 
independent one. In order to calculate Cu, T,- must be 
determined in some independent way such as by direct 
measurement. Whether this can be done with sufficient 
accuracy depends on the future development of existing 
methods of measuring temperatures of explosions in 
enclosures. 

The calculated values of the heat capacity of ozone must 
therefore be withdrawn. 

BERNARD LEwIs? 
GUENTHER VON ELBE! 
Physical Chemistry Section, 
Pittsburgh Experiment Station, 
U. S. Bureau of Mines, 
Pittsburgh, Pennsylvania, 
November 3, 1934. 


1 Published by permission of the Director, U. S. Bureau of Mines. 
(Not subject to copyright.) 

* Lewis and von Elbe, J. Chem. Phys. 2, 291-295 (1934). 

3 Physical chemist, Pittsburgh Experiment Station, U. S. Bureau of 
Mines, Pittsburgh, Pa. 

4Coal Research Laboratory, Carnegie Institute of Technology, 
Pittsburgh, Pa. 


The Raman Spectrum of Fluorobenzene 


Several months ago, we reported the results of an in- 
vestigation of the Raman spectrum of fluorobenzene in 
this journal.! Three other papers have appeared within 
the last year which deal with this subject.?: *» * The authors 
of the latest of these disagree with our assignments of 
Raman frequencies to four observed lines, two of which 
were also found by them. These authors used a filter of 
iodine in carbon tetrachloride which served to reduce the 
background and prevent decomposition of the sample but 
did not permit an unambiguous assignment of some of the 
lines. Our data were obtained from two types of spectra 
obtained with different filters. In the first type, a filter of 
sodium nitrite, nitrobenzene and praseodymium nitrate 
was used which reduced the intensity of the violet mercury 
triplet to about that of the weakest observed Raman 
lines and gave a spectrum excited only by the blue triplet 
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and the green line. In the second type, a strong filter of 
iodine in carbon tetrachloride which reduced the intensity 
of the blue triplet to the point where only the strongest 
Raman lines were excited by the 22,938 cm™ mercury line. 
The data afforded by these two types of spectra are in- 
compatible with the assignments preferred by Crawford 
and Nielsen. The lines at 21,678 and 21,515 cm™ do not 
appear in the spectra excited by the 22,938 mercury line 
but only in those excited by the 24,705 line and hence 
must be assigned to the latter. It is suggested by Crawford 
and Nielsen that the lines at 23,822 and 22,436 should be 
assigned to 24,335-513 and 23,039-1603, respectively, 
rather than to 24,705-883 and 22,938-502 as we have 
done.! The first of these assignments is highly improbable 
inasmuch as the 24,335 mercury line is too weak to excite 
the 1013 Raman line which is several times stronger than 
the 520 line. The second of these assignments involves an 
error in subtraction of 1000 for a line at 22,436 excited by 
23,039 and would give a Raman frequency of 603. If we as- 
sume the error was typographical and that 603 was meant, 
it is evident that the line at 615 should not be excited by 
the 23,039 line in view of the fact that the stronger Raman 
line at 520 is not excited by this mercury line or by the 
stronger line at 22,995. Furthermore, the errors in measure- 
ment assumed by these suggested assignments are greater 
than we should anticipate even for lines of such low 
intensity. 

We wish to correct an error occurring in our original 
paper! on this subject. The highest Raman frequency 
found was 3190 as stated in the body of the table rather 
than 3090 as stated in the summary at the foot of the 
table. 

We have recently examined the polarization of the 
Raman lines of fluorobenzene using the technique de- 
scribed by Duncan and Murray.® The results obtained are 
reported below using the following symbols: Strongly 
polarized lines, P; partially depolarized lines, p; and 
strongly depolarized lines, D. 244 D, 520 D, 615 D, 807 ?, 
883 D, 1013 P, 1159 D, 1220 p, 1601 D and 3075 P. 

Joun W. Murray 
DonaLp H. ANDREWS 
Department of Chemistry, 
The Johns Hopkins University, 
Baltimore, Maryland, 


November 12, 1934. 
1 J. W. Murray and D. H. Andrews, J. Chem. Phys. 2, 119 (1934). 
2N. Gopala Pai, Nature 132, 968 (1933). 
3K. W. F. Kohlrausch and A. Pongratz, Monatsh. f. Chemie 63. 
427 (1933). 
4F. W. Crawford and J. Rud Nielsen, J. Chem. Phys. 2, 567 (1934). 
5 A. B. F. Duncan and J. W. Murray, J. Chem. Phys. 2, 636 (1934). 
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LETTERS TO 


The Influence of D.O and HDO on the Mutarotation 
of Glucose 


During the past year, we have studied the kinetics of 
the mutarotation of a-d-glucose polarimetrically with 
sodium light at 25.00°C in heavy water mixtures of various 
densities, employing a 20 cm water jacketed tube of 14 cc 
capacity. All solutions were prepared by adding 2.5 g solid 
a glucose,—initial rotation 110°—, to 25 cc water which 
had been redistilled 3-5 times after each experiment. If the 
pH is maintained! between 4 and 6, the catalysis by H* and 
OH™~ ions is not perceptible and the reaction may be 
ascribed entirely to the molecules HxO, HDO and D.O. 
Sufficient HCI to make the final solution 10-5 M was added 
in every experiment. The velocity constants k=0.4343 k’ 
(min.—!) were calculated by the Guggenheim method, and 
are the averaged result of 60-80 readings (+0.01°) of the 
angle of rotation for each experiment. Our data (circles) 
are plotted in Fig. 1 against P, the mol fraction D.O equal 
to AS/0.1079. For comparison the data of previous in- 
vestigators at various temperatures have been interpolated 
or extrapolated to 25°C, by using an energy of activation 
of 17,860 cal. 

Our data in heavy water mixtures are distinctly lower 
than the preliminary values reported by Pacsu* and by 
Moelwyn-Hughes, Klar and Bonhoeffer,’ but are in good 
agreement with those reported by Wynne-Jones,‘ who 
performed his experiments in the presence of 10-* M HCl 
to render the basic catalysis negligible. 

The deviation from linearity is striking. If we make the 
customary assumption that the observed velocity is the 
sum of the velocities due to the molecules H2O, HDO and 
D.O, we have 


Robs. = ku,0'Cu,.0 +kupo‘Cupo+kp.o0'Cp.0; 


where ky,.0 =k H.0)/55.34; kp.o =k"p.0/55.15. Assuming 

















TABLE I. 
105 
kHDO Ro Robs. 

S25% (HDO) (D260) (H20) cale. calc. 
1.0673 26.34 21.23 7.65 9.42 485 496 
1.0620 27.02 18.18 10.03 9.18 521 526 
1.0449 26.84 9.53 18.89 9.05 643 644 
1.0436 26.32 8.46 20.49 8.66 663 654 
1.0205 16.99 1.99 36.34 8.12 844 829 
1.0193 16.21 1.75 37.33 7.22 855 826 
1.0153 13.43 1.10 40.77 9.08 890 891 
1.0121 11.00 0.69 43.65 9.46 920 925 
1.0108 9.94 0.55 44.83 10.86 933 951 
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for the liquid state, the classical value of the equilibrium 
constant K=C*qgpo/Cu.0°:Cup.0=4, we may solve for 
kypo. As a result of twenty-five experiments on several 
preparations of a-glucose, we find k°9—,9=0.01037. With 
k°p,.9 =0.00273 (Wynne-Jones), our calculated values of 
kupo are given in column 5 of Table I. The average is 
kypo = 9.01 X10 or kypo = 0.00498. A number of experi- 
ments with 0.007 to 0.036 M HCI over the same range of 
D.O indicate that kqyp)+ the acidic catalytic constant in 
mixtures, is an approximately linear function of the values 
of ky+ and kp+, as would be expected from Pedersen’s 
recent theory of the statistical effect.® 
W. H. HAMMILL 
Department of Chemistry, 
Fordham University, 
New York City. 
Victor K. LA MER 
Department of Chemistry, 
Columbia University, 
New York City. 

November 14, 1934. 

1 Nelson and Beegle, J. Am. Chem. Soc. 41, 559 (1919). 

2 Pacsu, J. Am. Chem. Soc. 55, 5056 (1933); 56, 745 (1934). 

3 Moelwyn-Hughes, Klar and Bonhoeffer, Zeits. f. physik. Chemie 
169, 113 (1934). 


4 Wynne-Jones, J. Chem. Phys. 2, 381 (1934). 
5 Kai J. Pedersen, J. Phys. Chem. 38, 581 (1934). 
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